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I . · INTRODUCTION 

Water is one of the most vitalnatural resources 

µtilized by man ... The Water Resources Center (WRC) has 

projected that water consumption in the·United States will 
·1 be about 300 billion gallons per day in the year 2000. 

. . 

Although the national water supply appears. sufficient, · 

regional and temporal shortages remain as serious prob .... 

lems .. Water · ~hortage fs also a w.ell-recognized problem 

world,-'Wide, especially in the Middle East . 

. ·. One. way .to meet the world's demand for water involves 

reliance on sea water which comprises 97%.bf the total 

surface water on the.earth's crust. 2 Direct cop.9umption 

of salipe water is npt possible, ho:iever, due to. the 

physiological p]'.'oblem of dehydration. Therefore,· the co!'l~. 

version of sea water to fresh water has been of interest 
. . 

for some time, and, in fact, the concept of desalination· 

dates back to the .an.cient Greeks in the fourth century B. C. 

In the works of Aristotleis Problemata, it is stated: 

"Why is it that salt water when Jt is Cold 
is not. drinkable, .. but becomes more. drinkable 
when it is heated, and when it is heated and 
then. cooled?.·.. . .• when . salt .water is heated, 
the salt is boiled out, and, when it cools, 
is precipitated. 11 3 

Sailors of Aristotle's time and after ofrtained drinking 

water by collecting the evaporated water ft·om the sea. 

1 
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It is quite impressive that an optimistic prediction 

of the United States' capacity for desalination is about 

30 billion gallons per day by the year 2000 .1 · Modern 

desalination technology includes variou9 techniques, 

such as distillation, ion exchange, and reverse osmosis. 

Of these techniques, the reverse osmosis membrane 
··.process has received much attention due to its relatively · 

low energy requirement. Since the introduction of cellu-

lose acetate reverse osmosis membranes by Loeb and Souri-

.. raj an ,4 in fact, the growth in the reverse osmosis tech-

nology has been phenomenal. As an example, a desalination 

plant is under construction in Yuma, Arizona which.has a 

capacity of 95 ... 7 million gallons per day processed only by· · 

reverse osmosis membranes. In Saudi Arabia, 59% of its 

present 141 million gallons per day capacity is provided 

by the reverse osmosis process} 

Significant efforts have been made to further improve 

the reverse osmosis desalination process andthe search 

for better membrane materials is one such effort. Sulf ona-

ted polysulfonehas been considered as apossible material 

for.reverse osmosis membranes and the results of.prelimi;.. 

nary studies by various workers 6- 8 seem very promising. 

The objective of this study is the characterization 

of membranes pre.pared from sulfonated polysulfones of 

various degrees of sulfonationin order to determine 
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the feasibility of using these polymers for reverse 
' . 

osmosis membranes. The characterizati_on process includes 

determination of thedegree·of.sulf6nation, water uptake 

capacity, contact· angle tn.easurernents, ESCA analysis, 

scanning electron microscopy, and the measurement of 

the electrical properties. 



II. LITERATURE REVIEW 

A. Introduction 

Reverse osmosis, or hyperfiltration, is a separation 

process which is achieved by passing a solution through an 

appropriate membrane under. high pressure. A related but 

not identical process is ultrafiltration, where dispersed 

colloidal particles are separated by· particle size on 

passage through a suitable filter. Ultrafiltration of 

salt from aqueous solution poses difficulties, however, 

due to the similarities in the sizes of the ions and the 

water molecules. 

The first observation of salt filtration dates back 

.to the mid 1930 's. During the ultrafiltration studies, 

colloid chemists9 observed rejection of KI03 in aqueous 

solution and attributed that rejection to the fact that 

the salt existed partially in the colloidal state. Later 

evidence against the colloidal state of salts was provided, 

however, and the.previous results were reinterpreted as 

an ion-exchange rejection mechanism~O 

Salt separation by membranes such as cellulose 

nitrate and cellophane has been reported by many workers, 

including Trautman and Ambard;-1 Hacker~2 and Wintgren. 13 Un-

fortunately, these membranes showed very low (<10%) NaCl 

rejection for concentrations above 0.1 M. 

4 
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B. Reverse,Osmosis Desalination 

The feasibility of desalination by reverse osmosis 

was introduced independently by Yuster et al. in 195814 and by 

Reid and Breton in 1957~5 , 16 · Among the various materials 

studied, both. groups reported that cellulose acetate 

membranes exhibited the best salt rejection of greater 

than 98% for sea-water concentrations, although the flow 
17 rate of the process was very low. Reid and Spencer ap-

plied greater pressure in their work, but the flow rate 

showed only about .a 2-fold increase from 7 ml/1:rt/cm2 at 

135 atm to 17 ml/hr/ cm2 at 270 atm. 

A significant achievement was made when Loeb and 

Sourirajan developed asymmetric membranes which enhanced . · 

the flux greatly~ According to Sourirajan, however,·the 

recognition of the asymmetric nature of reverse osmosis 

membranes was accidental. In the course of·areverse 

osmosis study with connnercially obtained Schleicher and 

Schue11 ty'pe US-Ultrafine Superdense cellulose acetate 
·.··. ·. . . . .··.. . . . .. .. . . 18 membranes, the asymmetry of the membranewas noted. It 

was observed that one side of the membrane was<rough with 

smaller sized pores, whereas the other side was smoother 

and more porous, and desalination was observed only when 

the rough side was interfaced with the feed saline solution. 

The first ·successful attempt to produce an asymmetric. 

iilembrane in the laboratory was .accomplished4 through the 
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work of Dobry19 and Biget20 Dobry reported that cell~ 

ulose acetate dissolved in saturated solutions of Ca, 

Mg, Cu, and Zn perchlorate at room temperature and, 

further, the cellulose acetate saturated magnesitim per-

chlorate solution could form into membranes. Later, 

Biget reported the coagulation of cellulose acetate in 

acetone with aqueous solutions of magnesium perchlorate 

and the formation of a cellulose acetate gel. Based 

on these studies, casting solutions of cellulose ace-

tate containing water, acetone, and magnesium perchlo-

rate were investigated. The composition and casting 

conditions of the first successful membranes are listed 

in Table I. 

The fabrication of a successful membrane was followed 

by extensive work on improving the membranes further by 

studying the effect of variables involved in the film 

making process. The results of many such works are 
d b S . . 21 reporte y ouriraJan. 
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Table I. 

Composition and Performance 
of a Successful Asymmetric Cellulose Acetate Membrane 

Developed by Loeb and Souriraj an 4 

Casting Solution Composition (wt. %) 
Cellulose acetate (acet;:yl content 39. 8%): 22: 2 
Acetone 66.7 
Water 10.0 
Magnesium perchlorate L 1 

Casting Temperature 0 to -10°c 

Temperature Treatment 75 to 82°c 

Feed Concentration (wt. i.) 

Operating Pressure 

Product Concentration of NaCl 

Product Flux Rate 

3.5% NaCl 

1500. psi 

less than 500 ppm 

10 gal/day/ft2 
(4.6 X 10-4 g/cm.2-sec) 
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C. Sulfonated Polysulfone Membranes for Reverse Osmosis 

Desalination 

The contribution of the classic Loeb-:Sourirajan 

type asynnnetric ·cellulose acetate membranes to the 

development of the reverse osmosis desalination process 

is significant. The shortcomings of such membranes 

were soon realized, however, including creep-induced 
. . ·. . . 22 h 123 . d b. 1. .. l d d . 24 compaction, t erma an ·· 1.0. ogi.ca egra a ti.on, 

and hydrolysis~5 Much attention has, therefore, been 

focused on improving the cellulose ac.etate membrane and 

on developing new membrane materials. The literature is 

abundant with accounts of the development of new mem-

. brane materials. 21 • 26 - 28 
Sulfona.ted polysulfone is a sulfonated derivative 

of the sulfone containing poly (aryl ethers), poly (arylene 

ether sulfones), or polysulfones (PSF). The structure of 

a sulfonated polysulfone (SPSF) repeat unit is illus-
29 . trated: .. 

. .;.. + where R can be a free acid (-so3H), a salt (-so3x) or 

an ester (-s03R). The properties of PSF, in particular Bis--

phenol A~polysulfone (Bis A-PSF), which is the antecedent 

f h 1 "11 d b h b .. . d. ·· .3o B · o t e po ymer i. us tr ate a ove, ave .··. een stu iea. i.s 



' . ' . 

A-PSF has been used as an asymmetric ultrafiltration/· 

microfiltration membJ:;"ane and as a porous, rigid support 
·. ·• · .. · .... 31 32 material in composite membranes. · ,...... The reasons for 

the utility of th:Ls polymer as a membrane material are 

its superior strength, which gives res.istance to creep-

induced compaction and resistance to biological and 

chemical degradation, as well as wet-dry reversibility 

and, therefore, ease of handling. 32 Unfortunately, the 

poly (aryl ethers} are hydrophobic anci thereby limited 

in their usefulness as reverse osmosis membranes for aque-

ous systems. 

In the light of the discussion above, it is desirable 

to alter the chemical nature of PSF to induce a measure 

·of hydrophilicitywhile maintaining the excellent physical 

character. Sulfonation·has been known to dramatically 

alter a number of characteristics of polymeric materials 

(for example, dyeability, 33 tensile strength, 34 and, of 
. . 

particular interest· to the present studies, hydrophili-

city35). In fact, sulfonation has been used to improve 

the reverse osmosis performance of poly (phenyle!le oxide) 

membranes36 as well as membranes of Bis A-PSF. s, 37- 4o 
The property changes resulting from sulfonation of 

6 Bis A-PSF have been investigated by Noshay and Robeson. 

Some.of their results are presented in Table II along 

with data relating to cellulose acetate (CA) for 



· SPSF-Na-l" 

D.S. = 0.0 

D.S. = 0.1 

D.S. = 0.5 

D.S. = 1. 0 

CA 

Table II 

Comparison of Mechanical Properties 

Tensile Modulus 
(kPa x 10-6) 

Ambient Wet 

2.48 

2.05 1.83 

1.60 1. 08 

1. 21 0.24 

0.48(a) 0. 32(a) 

Tensile Strength 
( kPa x ·10-6) 
Ambient Wet 

7 .03 

6.90 5.65 

6.27 3.81 

3.86 0.83 

0.94(a) 0.L~9(a) 

Elongation 
(%) 

Ambient Wet 

50 

7 14 

25 98 

17 30 

3.l(a) ·18(a). 

_:!:g_ 
(oC) 

Ambient 

180 

180 

240 

300 

68. 6 (b) 

-J.-SPSF-Na represents Bisphenol A-polysulfone. which has been sulfonated and neutralized 
to the sodium salt form. D.S. represents ''degree of sulfonation" (i.e. , the statis-
tical fraction of repeat units which have been sulfonated). CA represents cellulose 
acetate. 

Note: All data for SPSF~Na is. taken from Reference 6 . Film thickness = 0 .254 unn. 

Note: Data for cellulose acetate (film thickness= 0.088 mm) is taken from.(a) 
Reference 61; and (b) Reference 26, p. 136. 
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comparison. The mechanical superiority of the polysulfone 

and its sulfonated derivative ia obvious. Noshay and 

Robeson6 included in their investigations limited flux 

and salt separation studies, using dense membranes of 

Bis A-PSF which were sulfonated and neutraliz.ed with a 

sodium counter ion (SPSF-Na). Even though their studies 

were restricted to dense membranes of the free acid and 

sodium salt sulfonated forms of the conrrnercially available 

PSF (Union Carbide P-1700), their .results were encouraging. 

Their results indicated that in order to optimize the 

strength/stability and flux/separation performance, the 

degree of sulfonation (DS) must be optimized at some 

moderate value. The term DS represents the statistical 

fraction of repeat units which are sulfonated. 

The same base material, SPSF-Na, has been used by 

Rhone-Poulenc Industries to develop ion-exchange membranes 

for desalination. s, 37 - 4o Their research has concen-

trated on polymers of moderate DS and low molecular 

weight, a restriction imposed by their technique of sul-

fonation which may cause polymer degradation. While 

their method of membrane preparation is not entirely 

clear, it is evident that the Rhone-Poulenc membranes 

possess the desired structural asynrrnetry. In this form, 

the SPSF membranes have proven to be equal to and in 

some ways superior to CA membranes. 
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The Union Carbide P-1700 base material was also em-

ployed by Envirogenics Systems Company to.investigate 

· SPSF membranes for desalination. 7 ' 41 . Although their 

reports are·comparable to those. of Rhone..;Poulenc and are 

encouraging, reproducibil:ity of ·membrane·performance 

appears to be a problem. 

·. ·,,·: 
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' :· . . ' ·. 

D. ·. Memb~ane Characterization 

·.It is, important to characterize the reverse osmosis 
. . 

. membrane in order to understand the processes involved.· 

.onlyalimited n~ber of attempts have been made to char-
. . 

acterize these membranes:,. however, with particular .. 

. ·emphasis on surface properties. 

1. Electron· Mi,croscopy: Early work was done by Riley 

et af2 ' 4iising a. clever' but very tedious tnethod involving .. 

transmission electron microscopy. Their work confirmed· the 

asymmetric nature of the cellulose acetate membrane obser-

ved by Loeb cindSpurirajan. · 

·Development. of· scanning el.ectron microscopy (SEM) 

introduced a powerful: means of pro.bing the membrane 
· ... ···-·· 44· ·morphol9g:y. ·Kesting investigated.the effects of varying 

.· · ... 45 
the swelling agent, on the lll~mbrane morpholOgy using SEM, · · 

. . . . .· . ' .. · . . . . 

His continued extensive investigation:s of membrane morph."'." 
. •. .26- 46 47 •. 

ology with SEM are reported in the literature, ·.' ·' ·-.. 
·' :.: 

2. Gohta:ct Angle' Me·a:sur·ements : Sinc.e the separatiqt'l 

process involvesthe permeation of water through the mem ... 
·:.,.: 

brane' the interaction of water with the membrane is very .. 

important. The extent of such, interaction may be obtained 

· from the measurement of· contact .. angles. Zisman c.arried · out· 

extensive studies on the contact angles of a variety 

of liquids on various surfaces, includ::j.ng·polymer 



14 

·.films. The determination of the critica.l surface ten-

sion of polymer films, using the Zisman series', has, in 
' ·. ..·· ·.·.· . ' 48 fact,become·standard practice and critical surface 

·· .. tensions .. ·for · sC>m~ typi~al polymers are given · itl. Table III. 49 

· The·remB.rkable interest in this field is reflected 

·. in· the three reviews on contact angles~0-52 The earliest 

one50 compiles basic works, such as the thermodynamic 

· .. aspects of wetting, wettabill.ty by heats ()f. immersion 
·. · · ·st·· ·· · 

and the study of adhesion.· The second review includes . 
. . . . . . . . . . 

a discussion of ge~eral concepts and experimentaltech-
' ' 

niques with emphasis on iow energy surfaces. The most 

recent revieW'.?2 irlclude·s' the study of the dependence of 

contact angle on: the drop size of the liquid and.· on the. 

rate of· the advancing and·· receding.· contact angles. No-

s hay and Robeson reported the.water contact angles of 
. ' . .. . 

polysulfone and totally sulfonated polysul:fone as·10° 

and 52°, · .. respectively. 6 

. 3. Electrqri SJ?ectroscopy for Chemical Analysis {ESCA) : 

Surface chemical composit~on. is yet ~nether import: ant· .. 

feature of a mat:eria]. in that the surface .composition 

· of any given po]_ymer film can be ~ar.ke41Y .. different 
' ·.. . ' : .· ,, ' · .. 53 
· from the bulk,. (!C>mposition .. · · ESCA is a. technique which 

can·generally probe the top soR of a solid, and studies· 
' ' 

of polymer. surfaces with E$CA are abundant in the 
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Table III. 

··Critical.· Surface .Tensions for Some. Polymet"s49 

Polymer.··· 

· · Polytetrafluoro~thylene ·. 

· ·. Polyethylene 

Polystyrene 

.Polyvi.riyl chloride 

Polyhexametl1ylene adipamide 
· · (nylon 6 , 6) 

Y ' d.· yri/cm.···' ... (26°c) .. . 'C. ,. . -

18 
31 

33 

39 

46 
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. . . S4-S6 literature. 

The rearrangement of a polymer surface, namely 

radiation grafted polymeric film upon dehydration, 

has been reported.SS Thomas and O'Malley also predicted 

the topology of the polystyrene/poly (ethylene oxide) 

diblock copolymer surface using ESCA.s6 Further, depth 

profiling of the polymer can be achieved by variation of 

the photoelectron take-off angle. This angular-resolved 

ESCA technique results in enhanced surface analysis.s 7- 59 

Recently, Everhart and Reilley also reported the 

identification of functional groups on low density poly-

ethylene formed during exposure to plasmas using derivi-

tization methods containing an elemental tag. 60 

4. Electrical Properties: The electrical and electro-
62-64 kinetic properties of polymeric membranes have received 

attention for some time, although studies on asymmetric 

cellulose acetate membranes have been reported only 

recently. 6S- 67 Demisch and Pusch68 determined the 

electrical and electroosmotic coefficients as a function 

f h ·c1 · K" · d s· £ 9 h o t e Na. concentration. imJo an ato, owever, 

studied the mobility of ions in asymmetric cellulose 

.acetate and suggested the possible influence of bound 

water on ionic mobility within the membrane, thus effect-

ing the salt separation. 
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Electrical properties of dense cellulose acetate 

b 1 d b K . . 70 b d h mem ranes were a so measure . y imJO · ase on t e 

importance of .the active dense layer. Kimjo reported a 

drastic reduction, of three orders of magnitude, in the 

mobility of the Na+ and Cl ions in the dense·membrane 

compared to the aqueous solution. 

5. Water Sorption by Polymer: The extent and struc-

ture of sorbed water in a polymer sample has been stu-

died by a number of workers. The results of such studies 

provide information on the compatibility of water and the 

polymeric material, and thus the nature and strength of 

the inter-and intra- molecular forces between water and 

the polymer. 

Typically, water sorption study is approached through 

the analysis of sorption isotherms as a function of rel-

ative humidity. Polyethylene and polypropylene were found 

to follow Henry's law from 0 to 100% relative humidity .7 1 

Flory 72 and Huggins 73 modified the simple solution theory 

to be applicable to polymer solutions and their theory seems 

to fit rather well for non-polar polymer and solvent 

systems. 

Another approach to the diffusion process is to .con-

sider the process in two steps: initial adsorption of 

water moleculeson the membrane walls and subsequent 
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adsorption on the first layer. The multilayer physical 

adsorption theory. (BET) was established .by Brunauer, Emmett, . 

. and Teller:!4 and is widely used. · Bui175 and Pauling76 em-
.· . ·.. .·· .. . . . . . .. 

. ·ployed the l~ET theory tqint~rpret the tes~lts ot water-· 

sorption measurements and this was. foundt~ be very. in-

formative. . Later study by White. and Eyrin.g77 •iI}corporated. 

the effect, of s°t'l~lling in .the ~nalysis of isotherm~.· 

Another. interest;i.ng study by Zimm and Landberg78 , 79 re;,. 

ported • a cluster.ing theory whe.re th~ . solvent dis.tributitrh .. · · .· · . 

in the polymer can be attained by the analysis oJ iso-
-. . . '','•, 

therms. Noshai andRobeson6detet'IIlined the·adsofption-
' •, 

,' ' 

desorption isotqerm of water• with SPSF-Na membrane.s and 
. . . ~ . . .. 

. ·• ..•. · .. ··.·· repoi;'ted the a~parent non..:Fickian behaviour which was more . 

< :extensive f~~ greater degrees ~f. sulf~nation; . 

The.structural analysis of sorbed water has also been 

··of interest. Reid·. and Kuppers 80 concluded ~he· pr~sence of 

·bound.water within the cellulose acetat~ desalination mem-

. b.rane whi¢h is transporte<i from si"te to: site by hydrogen hon-

.. ding .. · They als() repqrted' the presence of ~uasi-crystalline 
water~O '~1 .·A collective work on the interaction of water · · 

with polymers has also.been published~ 2 .. A. recent report by 

•.Luck et al. indicated the· presence of· weakly bo1ind water.· 

in. desalination membranes.,. such· as cellulose aceta,te and ' ' '' ..•. ·.·· ' .. ·· 83 .. · 
porous glass membranes. ·· .In contrast; the presence of more . 

restricted water in the vicinity of the membrane is reported 

•· -,-- . 
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by proton NMR~4 ' 85 DSC~6and transport studies~ 7 Bel-

fort and Sinai88 .also reported an extensive study with pNMR 

to reconcile the discrepancy between pNMR ~nd IR analy-

sis of water structure.· 
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E. Reverse Osmosis Technology 

Since the introduction of the asymmetric memb:rane, 

the advancement.in the science of reverse ·osmosis has 

·been phenomenal. Broad applications of.. revers~ osmosis 

can be found in many areas, including food technology, the 

paper industry, and waste water treatment, and reviews 

and progress in these fields are reported in the litera-
t. ·.· . 27 '28' 89 ure ... 

Broader application and interest in reverse osmosis 

has brought about technological· progress in membrane 

science, .In 1964, Havens Industries introduced reverse· 

. osmosis desalination membranes "integrally lined i:vithin 

a porousfiberg:lass--reinforced tube," although the 

details of the manufacturing process were not disclosed.90 

This was followed by ~oeb in 19669,1 who pioneered the for-

mation of tubular porous cellulose acetatemem:branes by 

gravity-drop techniques. Further achievements inc.luded 

the introduction of other types of membranes, such as 

grafted, composite, and hollow fiber membranes~ 7 , 28 The 

greatest advantage of the hollow fiber.membrane is the 

favorable ratio of membrane surface to pressure vessel 

volume. 
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F. Mechanisms 

While the technological aspect has shown rapid growth, 

the mechanism(s) of the reverse.osmosis process is still 

under debate. Discussions of the reverse osmosis separa-

tion mechanism across the Loeb-Sourirajan type porous 

cellulose acetate membranes, for example, are abundant 

in literature~ 1 • 27 • 28 ' 92 Reid and co-workers originally 

introduced the concept.of the bound-water-hole-diffusion 
. 80 mechanism. They reported that only the solvent. and not 

··the solute is adsorbed on the porous wall, thus filling 

the entire pore, and that the transport of water is by 

diffusion from site to site by hydrogen bonding. These 

authors also believed the sorbed water to be in a quasi-

crystalline arrangement, thus excluding most ions.81 
93 Lonsdale et al., however, provided evidence against 

this feature by the measurement of diffusion coefficients. 

According to Lonsdale and co-workers, perfect membranes 

have a completely nonporous surface structure and the 

permeation through this membrane is through a homogeneous 

diffusion ,process. 

Sourira.:jan, however, regards the separation process 

as proceeding via a preferential sorption capillary 

mechanism~ 1 • 28 Here, water is preferentially sorbed at 

the membrane/solution interface, and passes through the 

membrane pores with a critical diameter. 
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III.> EXPERIMENTAL 

.A. Materials 

Polysulfone p.,.1'700 was obtained from Union Carbide. 

Sulfonation of polysulfone to various (fegrees was performed 

by McGrath and co""'workers. · The detailed synthetic pl'."o-

cedure is described elsewhere~4 although a summary of the 

synthesis and some ofthe characterized properties are 

given in Appendix T. 

The following degrees of sulfonation of the polysul-

fone were targeted: . 0.2, 0.4, 0.5, 0.6, 0.8,.an¢11.0. 

The degree of sulfonation is defined as the number of 

sulfonated monome.r units in every 10 total monomer .units. · 
' ' 

For all.degrees of sulfonation, eltcept for 0.5, both the 

sodium and potassium salt of. sulf.onat~d po1ysulfone were 

synthesized. For the 0.5 degree of sulfonation, however, 

only the.sodium salt·was available. 

For.the sake of.simplicity, sulfonated polymers are 

coded. For example, SPSF.,.Na (0.5) means the sodium salt 

of sulfcmated polysulfone with a degree of su1fonation tar-
' ' ' 

geted for 0.5.· ·The degree.of sulfonation was determined 

with proton NMR, aI');alysis using a Varian EM390 NMRspectro-

meter by the·. iritegratiop. of peak areaJ.5 The NMR spectra . 

were. taken in cn3c1 or· DM~O for polysulfone .or sulfonated 
. . ' . 

polysulfon.e, res'.pect·ively. The results of the NMR 

22 
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analysis of the various polymers are given in Appendix 

I with the results of elemental analysis.· ... Although the 

determined degree of sulfonation was lower.than the 

targeted value, a good ag.reement between the two was 

seen in most cases. 

Characterization;p~ocesses were perfortiled·on the. 

synthesized polymer powders, . dense membranes, and asym-

. :inetric membranes: · S:Lnce. it is the dense part of the 
·. . . ·. 

asynune.tric m.emb,r~ne that is responsible for· the salt 

separation, however, the focus of this study was on the 

. characterization of the dense membranes .. ··Water uptake 

study, c~ntact. angle measurement, IR sorbed water analy-: ·· 

sis,. ESCA, and electrical property determination were, 
... .. ., 

therefor.e, perfonned on dense membranes. Dense membranes ·. · 

. are also referred to as polymer membranes,· m.e'Illbranes, 

and' polymer films. Of all. the available polymer mc;Lter- · · 

:.· ials; the most extensive work was performed using ·SPSF-

. Na (0.5). Selectl.onof this sodium saltpolyril.e:rwas 

based on the desire .to limit ion exchange in de.salination. 
. . 

:The selection of the degree of sulfonation of 0.5re- · 

presents a compromise.between the hydrophilic/hydrophobic 

·balance and the structural stability as will l:>e discussed 

later. 
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B. Preparation of Dense Membranes 

Polymer solutions of 10 to 25 weight percent concen-

trations were prepared in the solvents DMF or DMSO, which 

were at least.reagent grade. The polymer solutions were 

shaken overnight to promote mixing and dissolution of the 

polymer. The polymer solution was then cast on a glass 

plate using a doctor's knife (micron film applicator from 

. Gardner) . The height of the blade was adjusted to cast 

membranes between 8 mil (0. 0203 cm) and 16 mil (0. 0406. cm) 
in thickness. 

The glass plates were annealed in air at 600°c for 15 

hours prior to casting to ensure complete removal of resi-

dual polymers from the previous casting. Both the. glass 

surface an4 the edge of the knife were rinsed with either 

acetone or solvent. 

Cast membranes were dried in an oven with dry.air 

circulation for 10 hours at ambient temperatures, and 
0 then for 15 hours at 80-120 C. The membranes were then 

cooled down to<room temperature in .the oven and peeled off 

the glass plate by moistening around the edges. By 

capillarity, a thin layer of water penetrated the area be-

tween the membrane and the glass plate, thus lifting the· 

membrane. 'the peeled.membranes were then wrapped loosely 

in aluminum foil and placed in a vacuum oven at 80-120°C 

for 15 hours. The membranes were then allowed to cool 
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to room temperature and were ·stored in a desiccator con-

taining GaC12 . 
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C. Degree of Sulfonation for Cast Membranes 

It was necessary to monitor any chaJiges in the degree 
. ··... .· . . . : 

of sulfonatiort wtiich might occur during the drying process 

and/or to d~tect any interactions of polymers wit:h·solvet1ts. 

The degree of sulfonation for the dried dense membranes 
' ' 

was determined. with a Perkin-Elmer 283 grating 

infrared spectro1lleter. The membranes were.held by a Thomas 

film holder, and no other tr~atment was used in this 

study .. The IR .·spectra were taken between 4000. cm""l and 

200 cm"'lusing the normal mode operation with peak suppres-

sion. The typical scan time wa:s 12 m:i,.nutes and the 

response and. slit· program ·YJere ·set a:t I and N, respectively. 
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D. Water Uptake Study 

A piece of. each membrane, about 2 cm2 was weighed and 

placed on an alitminuin tray in a desiccator at.various 

relative humidities. Relative humidity was controlled by 

varying the composition of aqueous H2so4 solutions, as 

tabulated· .. in Table TV. The measured relative hu'midities 

were lowel;' than the values in the literature, possibly 

due to the .reagent· impurities and/or other experimental 

variables suchas temperature. 

30ml of each solution was placed in a 50 ml beaker 

and put inside the des:i..ccator. The relative humidity 

within· each· desiccator was measured with a YSI 91 H.G dew 

point hygrometer. Water uptake was· measured gravimetri.-
. . 

Cally with re:~pect to time using-a Mettler 5-42 balance.· 

Initially, the membranes were stored over Cac12 until 

the weight was re],atively constant. This weight was 

considered to he·· the base weight without any soroed water. 

The membranes. were then placed in. the humidity ... controlled 
. . . 

desiccators. The membranes were weighed periodically and 

.. the difference between the base: weight and the measured 

weight was taken to be the weight of the sorbed.water. 

.1--,, 
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TABLE IV. 

Composition of H2so4 (aq) 

For Vario"Us Relative Humidities 

R. H.literature R · H.mea·sured 

100 100 

70.4 56 

37.1 28 
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. E. ·Contact Angle Measurements 

Contact angles were measured o.n the dense membranes 

without further treatment. Two different methods were 

·employed depending on the nature of the membranes. For 

sulfonated membranes, a 100 µl droplet of liquid was placed 

.·on the membrane's surface. The angle tangent to the liquid/ 

air interface was measured by means of· a.goniometer.within 

10 seconds after the application of .the droplet. 

For. the polysulfone membranes, th.e measurements 

were made using• the apparatus shown schematically in · 

Figure 1, which was patterned after the one described by 
. . . 96 Neumann and Good. The apparatus consi$t:ed of 

a syringe pump with which the rate of the advancing and 

the receding processes were controlled. Steady state 

between the liquid droplet and the vapor was maintained 

by a cover with optical flats at both ends placed over . 

the liquid drop. Introduction of a drop and measurement 

of the angle by a goniometer could therefore be performed· 

. without distu+bing the system. Contact angles. were 

measured on drop$ larger than Ymm in.diameter within 20 

·seconds after the introduction. Typical rates ·of injection 

·.or withdrawal were 1 ml/hour. 
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B 

A 

Figure 1. Apparatus for contact angle measurernents. 

A Syringe pump (Model 352 Sage Instrument) 

B Gear box 

C Syringe holder 

D 5 ml syringe 

E Paraf ilm 

F 

G 

Glass cover 

Membrane 

H 

I 

Goniometer 

Fiber light 
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F. Ion Exchange Study 

A known weight of SPSF-Na (O,S) or SPSF-K (0.6J 

dense membrane was placed in 10 ml of 0.1% KCl or NaCl 
·. ' 

solution, respectively, for 24 hours. The membrane was 

then removed from the solution, .· rinsed thoroughly with 

distilled/deionized water, and air dried. The salt 
. . 

solutions were analyzed with a Varian 175 ·atomic ahsor-. 

ptionspectrometer. Concentrations of sodium and po-

. tassium were det~rmined using the,;59.0. 8 nm a~d 768. 5 nm 

absorption band,· r~spectively. The dried membranes 

before and after the ion exchange study were analyzed 

with ESCA andneutron.act;i..vationanalysis .(NAA). 
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·G. Electron Spectroscopy for Chemical Analysis.(ESCA) 

A duPont 650 ESCA electron spectrometer was employed 

with a magnesium anode (1254eV) as the x-ray source. The 

typical filament. and anode currents were 2 amp and 20 mamps, 

respectively, when the x"'."ray voltage was set at 10 kV. The 

operating pressure was typically around 6Xl0~7torr. Binding 

energies were calibrated by taking the background carbon 

ls photopeak as 284.6 eV. 

Membranes were punched and placed on a l/4~inch 

diameter sample probe by means of double stick tape. The 

side of the membrane not touching the metal surface of the 

puncher was analyzed. The polymer powders were sprinkled 

directly on the double stick tape on the probe. 

Quantitative analysis was performed by correcting the 

area under each photoelectron peak using tabulated photo 

cross ... sections~ 7 .In some cases, the photoelectron peak 

was transferred to a computer by MADCAP and the peak was 
·.·· . . . . 98 

curve-fitted using GASCAP program. The input parameters 

for GASCAP are: number of points in spectrum, number of 

peaks, peak position, peak width at half height, and 

peak height. 
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H. Scanning Electron Microscopy (SEM) 

An AMR 900 scanning electron microscope was employed 

to study the membrane morphology. The microscope operates 

at 20KV and has an International 707 energy dispersive 

analysis of x-rays (EDAX) accessory. 

Dried dense membranes were directly placed on copper 

tape on a 1/2" diameter aluminum sample stub. It was 

necessary, however, to pretreat the asymmetric membranes 

prior to the SEM study in order to prevent the collapse of 

pore structure due to dehydration~5 The pretreatment 

process involved placing the membranes in a solution con-

taining water, glycerol, and Triton X...,lQO of 69. 5, 30,. 

and 0.5 weight percent, respectively. The water used was 

distilled deionized; U.S.P. grade glycerol was obtained 

from Mallinckrodt; and Triton X-100 was provided by Rohin 

and Haas Company. 

The order of mixing was found to be critical in 

order to produce a clear, homogeneous one-phase solution. 

0. 5 g of Triton was placed in a 150 ml beaker and 69. 5 g of 

water was introduced drop-wise with rigorous mixing; 

glycerol was added last with const.p.nt stirring. The mem-

branes were placed in the solution for 24 hours, 

removed, and air· dried for 24 hours. The dried 

membranes were then freeze fractured under liquid nitrogen 
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and mounted on the copper tape. The freeze fracturing 

produced a freshly cleaved cro$s-section of the membrane. 

All the SEM samples were coated either with gold/palladium 

or carbon to ensure adequate conductivity and to avoid 

charging of the sample surface. 
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I. Water .Structure Study with Infrared Spectroscopy (IR) 

The structure of.water sorbed by the membranes was 

.investigated by near IR. A Cary 14 spectrophotometer was 

emp1oyea, and the wat~r band at 19; oooR ·w:as utilized for 

the analysis at the scan · rate of 100 R/minute. A special 

cell was constructed, as shown in Figure 2, for analysis 

of the membranes at 100% relative humidity. The cell had . 

. ··an outer jacket in which water was circulated to cont:rol 

the temperature·of the system between.IO and 45°C .. The 

desired humidity was. obtained by placing a container with 

water at the end of a s.ide arm connected. to the neck of 

the cell. 

were glued to the systemin the opti-

The membrane holder was constructed 

f:rom pyrex glass. A magnet was attached at the tQp of 

Two CaF windows 2 
cal path with epoxy. 

the holder so it could be displaced in and out of the·cell. 

A crpss-shaped member ensured correct spacing of the 

... ·holder withi'i:i the cell. .··Membranes were placed in a slit 

produced by two glass rings joined. at the bottom. To 

increase sensitivity, 7 sheets .of membranes were placed in 

the system at one time. 
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IOcm 

l 
B C 8 2.5cm 

J 

5cm 

Figure 2. Schematic diagram of IR cell. 

A Magnet (inside a glass enclosure) 

B CaF2 window 

2.5 cm diameter 

0.5 cm thick 

C Membrane (7 pieces) 
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J. Electrical Properties of Membranes 

The transport of ions across the membranes was 

induced via a square pulse or transient current. Using 

the apparatus as shown in Figure 3, a picoamp current 

source was employed to send currents between 0,5 and 100 µA. 

A membrane was placed in position A, dividing the lu-

cite chambers into right and left, as detailed in the diagram 

of the cell in Figure 4. · The solution in both chambers 

was circulated to and from the reservoir at the top via 

bubbling through a 95% o2 and 5% co2 gas mixture. A 

water jacket around the reservoir allowed for the controlled 

temperature of the system. Current was sent via 3-layer 

agar electrodes connected to each end of the chamber. 

Preparation of the 3-layer agar electrode is described 

below. 

The potential across the membrane was.measured 

using calomel electrodes placed in the reservoirs, and the 

potential difference was plotted out on the chart recorder. 

1. Preparation . of Agar· Solutions: The agar elec-

trode consists of three separate layers described as 

follows: 

"~Kcl agar: 2 gm of agar (Fisher, laboratory grade) and 

34. 7 gm KCl (Fisher, certified) were placed in 100 ml 

of glass distilled water. The solution was stirred 
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Figure 3. Diagram of apparatus for ele,ctrical property study. -

AM = MICROAMMETER 
C = CALOMEL ELECTRODES 

-E = CURRENT SENDING ELECTRODES 
M = MEMBRANE 
T = TEMPERATURE CONTROL SYSTEM 
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Figure 4. Diagram of cell. for the electrical property 

studr .•. 

A Membrane·· 
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well in a boiling water bath until it became clear. 

·A-Pb acetate agar: 2 gm agar and 44. 3 gm Pb acetate (Fisher, 

certified) were mixed with 100 ml of water in a boiling 

water bath. The final solution was light brown and 

opaque. 

*Secretory Ringer agar: 2 gm agar was dissolved in 100 ml 

of Secretory Ringer solution. Secretory solution was 

prepared by mixing 102 ml of 1 M NaCl with 4 ml of 1 M KCl 

solution and diluting to 1 litre with distilled water. 

2. Preparation of Agar Electrodes: The schematic 

diagram of an agar electrode is given in Figure 5 . The 

electrical connection was made by a Pb coating at the end 

of the electrode. The agar solutions were introduced with 

a hot syringe, rinsed well with hot distilled water to 

avoid solidification in the syringe. 

With the electrode in a vertical position, hot Pb 

acetate agar solution was introduced into the electrode 

through inlet A. The Pb acetate agar solution was allowed 

to set and a screw was placed in inlet A. Then, hot KCl 

agar solution was introduced via inlet B and allowed to 

harden, and a screw was placed in inlet B. Finally, 

Secretory Ringer agar solution was introduced through a hole 

at the tip of the electrode. The agar was allowed to flow 

over the tip to ensure the absence of any bubbles. The 
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0-Ring A 

2 

2.Scm 3.9cm 

B 

3 

.3.9cm 

O·Ring 

1.3 1.5 
cm cm 

Figure 5. Schematic diagram of an agar electrode. 

1 Pb acetate agar 

2 KCl agar 

3 Secretory Ringer agar· 

A, B Screw 
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excess agar at the tip was removed, however, before th.e 

electrode assembly was placed in the system. 

3. Preparation of Electrolyte Solutions: Typically 

O. 599 M (3. 5% NaCl solution) electrolyte solutions were 

prepared. The salts studied included NaCl (Sigma grade), 

KCl (Fisher ACS certified), MgC12 (Fisher, ACS certified), 

and choline chloride (Sigma). Glass distilled water was 

used as the solvent. 



IV. RESlJLTS AND DISCUSSION 

A. Degree of Sulfonation of Dense Membranes hy Infrared 

Spectroscopy 

The infrared spectrum of a polysulfone membrane between 

3000 and 600 cm-1 region is shown in Figure 6. The spectra 
-1 includes absorption bands at 1368 and 1010 cm due to the 

methyl grc;mp and aryl ether stretching, respectively. These 

two bands were used in the quantitative analysis represen-:-

ting the polymer chain back bone. 

In Figure 7, the infrared spectrum of a sulfonated 

polysulfone membrane is presented. Figures 6 and 7 were 

essentially identical except for an additional peak at 

1028 cm1 found only in the sulfonated polysulfone membrane. 

This additional, well-resolved peak is due to the symmetric 

O=S=O stretching of the sulfonate group and its intensity 

increased in accordance with the greater degree of sulfona-

tion, as shown in Figure 8. Thus, the peak.at .1028 cm-1 

was selected to represent the extent of sulfonation for 

the quantitative analysis. A detailed peak assignment for 

the infrared absorption bands of sulfonated polysulfone 

was performed by Tran99 and is given in Table V. 

The quantitative analysis was performed by means of 

h b 1 . h · lOO h . F" 9 Th t e ase ine tee nique ass own in ·igure . e 

absorbance, A, was calculated by the equation: 

43 



44 

I 
0 
0 

I I I I I I I . I I I 
3000 2500 200J 1800 l600 1400 1200 IOOO 8)0 . EOO 

Wavenumber (cm-1 ) 

Figure 6. IR spectrum of polysulfone (PSF). 
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Figure 7. IR spectrum of sulfonated polysulfone (SPSF). 
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Figure 8. IR absorption bands of sulfonated polysulfone 

at (a) 1028 and (b) 1010 cm-l : SPSF-Na. 



Frequency 
(cm-1) 

3100 
3078 
3042 
2980 
2880 
1590 
1508 
1490 

1:412 
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1368 
1325 
1298. 
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1152 
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1028 
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874 
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832 

710 
689 
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Table V. 

l:nfrared Peak Assignments 
for Sulforiated Polysulfone 99 

Assignments 

Aromatic C-H stretching vibrations. 

Asymmetric and Symmetric C-H .stretching 
vibratiOns involving entir.e methyl g:i;-oup. 

Aromatic c:.:.C stretching. 

Asynll!letric C-H bendi!lg deformation of 
methyl group. 
Symmetric C-H bending deformation of methyl 
Fb~. . .. 
Doublet resulting from asymmetric o=s=o 
stretching of sulfone group. 
Asymmetric C--0---C stretching of aryl ether 
rou . · 

Asymmetric O s-o stretching of sulfonate group, 
SymmetricO....;.S • O stretching of sulfone group. 

Aromatic ring vibrations. 

Symmetric.o=s=o stretching of sulfonate ·group. 
Ring vibration .of p-'sUbstituted aryl ether. 
Out of plane C-H deformation of isolated 
hydrogen in 1, 2, 4 substituted phenyl ring. 
Out of plane C-H deformation characteristic 
of p-substituted ohenyl .. 

C-S stretching vibrations. 



48 

100 

50 

A ·· ·Po ·=log-
P Po 

0 

Wavelength 

Figure 9. Base line metho<;i for determination of 

absorbance. 

L _ ., • 



49 

A = log P0 /P (1) 

where P0 and P, as defined in Figure 9, represent 

the intensities of the light before and after interaction 

with the sample. The degree of sulfonation was calcul.ated 

based on Beer's Law: 

A= £ CR- (2) 

where £ is the molar absorptivity coefficient, C is the 

molar concentration, and Q,. is the path length. The 

ratio of the two absorbances is proportional to the concen-

tration ratio: 

and, thus, the amount of so3 group per monomer unit 

may be obtained from the value of the A80 /APh-O-Ph 
3 

or Aso I Ac. •T rat-io . .;..h · 1 f A 

en 

3 n3 ~ e va ues o . SO , 
APh-O-Pl1_L and ACH represent peak absorbances -~:e to so3 
(1028cm- ), Ph-o-Ph (lOlOcm-1), and CH3 (1368cm ·)groups, 

respectively. Table VI lists the values of peak absor-

bances and the ratios for SPSF-Na and SPSF-K. These values 

are averages of at least three measurements. 

The values.obtained by equation (3) are not absolute 

values because of the proportionality constant £1 /£ 2 . The 

proportionality constant, however, may be eliminated by 



Table VI. 

Infrared Peak Absorbances and Ratios 
for Sulfonated Polysulfones99 

Polymer Aso APh.;.0-Ph A Aso Aso ACH 3 3 3 CH3 r- A 3 A CH3 Ph-0,-Ph Ph-0-Ph 

SPSF-Na(0.2) 0.11 0.47 0.13 0.24 0.85 0.27 
-Na(0.4) 0.22 0.29 0.07 0.75. 3.14 0.24 ·. 
-Na(0.6) 0.30 0.25 0.06 1.20 5.00 0.24 
-Na(0.8) 0.36 0.23 0.05 1. 56 6.56 0.22 
-Na(l. O) 0.8} 0.38 0.11 2.29 7.90 0.29 V1 

0 

SPSF-K(0.2) 0.14 0.65 0 .15 0.21 0.93 0.23 
-K(0.4) 0.13 0.12 0.03 1. 08 3.77 0.25 
-K(O. 6) 0.24 0.18 0.05 1. 33 . 5 .17 0.27 
-K(0.8) 1. 36 0.66 0.17 2.06 8.00 0.26 
-K(l. 0) 0.41 0.16 0.05 2.56 8.20 0.31 
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taking a double ratio with respect to a known value, as in: 

= (4) 
cknown;cknown 

1 2 

The suffix "x" denotes ratios from a sample with unknown 

composition, and "known" denotes the ratios' from a 

sample where the concentration ratio.is known. 

In this study, the degrees of·. sulfonation of the sam;,. 

ples SPSF-Na(l.0) and SPSF-K(l.0) were assumed to be 1.0. 

The degrees of sulfonation for various samples were thus 

obtained by dividing the ratios in Table VI by the values 

for SPSF( 1. 0) , and are tabulated in Table VII. The values 

of the two IR ratios were comparable. The results of NMR · 

studies on the same powders are also listed in Table VII 

as a comparison. In the case of the SPSF-Na ser:Les, 

a good agreement was found between the IR and the NMR. 

analyses. Such consistency indicates that there was no 

alteration in the degree of sulfonation during the fabri-

cation process of dense membranes. With the SPSF-I<. series, 

however, the degrees of sulfonation calculated by the 

infrared analysis had to be multiplied by a factor of 

0.87 since the NMR analysis for the highest degree of 

sulfonation was 0. 87 and not l. 00. Such adjusted values 

are given in square brackets and those values compare 

well with the NMR results. 



Table VII. 

Degree of Sulfonation 
for Dense Sulfonated Polysulfone Membranes 
by Infrared in Comparison to :NMR Results. 99 

Type Target NMR IR-(Aso3JAPh-O-Ph) IR-(Aso /ACH ) 
. 3 3 

SPSF-Na 0.2 .16 0.11 0.11 
0.4 .34 0.33 0.40 
0.6 .53 0.52 0.63 
0.8 .68 0.68 0.83 

Vi 
1.0 1. 00 1.00 1.00 N 

SPSF-K 0.2 .12 0.08 0.07 0.11 0.10 
0.4 .33 0.42 0.37 0.46 0.40 
0.6 .48 0.52 0.45 0.63 0.55 
0.8 .72 0.80 0.70 0.98 0.85 
1.0 .87 1. 00 0.87 1.00 0.87 
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The relationship between the two methods, NMR and J.R, 

is shown graphically in Figure 10. Here, the three peak 

absorbanceratios.from Table VI are plotted against the 

degree of sulfonation as determined by NMR for the SPSF-

Na. A good linear correlation is seen for the ratios 

of Aso3/APh-O-Ph and Aso3/ACH3. The ratio of AcH:/APh-0-Ph 

is independent of the degree of sulfonation, as expected, 

since both of these functional groups are in the polymer 

chain back bone, and, thus, are not affected by sulfonation. 

A comparison between the SPSF-Na and SPSF-K membranes 

is shown in Figure.11, where the peak absorption ratio of 

A80J/APh-O-Ph from Table VI is plotted against the degree 

of sulfonation, as determined by NMR. Although both SPSF-

Na and SPSF-K series exhibited linear dependency, the slope. 

of the two lines differed. This indicates that each salt 

requires a separate calibration curve for the determina-

tion of the degree of sulfonation for an unknown sample. 

A discussion of the difference in the slope for each salt 

is given by Trangg based on the size of the counter ions, 

which in turn influences the bond strength.· 

In summary, the degree of sulfonation of the initial 

polymer material was maintained during the membrane 

fabrication process. Further, the degree of sulfonation 

can be determined simply and effectively using infrared 

spectroscopy. 
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Figure 10. Calibration curves of IR and NMR 
methods .for the determination of 9 . 9 
degree of sulfonation: SPSF..;Na. 
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calibrationcurve.99 



56 

B. Water Uptake by Dense Membranes 

The weight of water sorbed in gramsper gram of membrane 

versus time forthe.SPsF:...Ne. and SPSF-K series at 100% rela-

tive humidd.ty is plotted in Fiszures 12 and 13, respectively. 
The unsulfonated polysulfone (PSF) membrane showed negli-

. gible water uptake throughout the experimental time span, 

and, thus, the hydrophobic nature of polysulfone is clearly 
' 

demonstrated .. Water.uptake did increase, however, with 

increasing degrees of sulfonation. This is self-consistent 

since the sulfonatioh introduces hydrophilicity into the 

polymer matrix. SPSF-Na{0.2) is omitted from the figure 

. due to the presence of unwashed Na salt which remained in 

the system as determined by ESCA (see discussion in the ESCA 

section, p. 77). Although both series of membranes showed simi-

lar trends, it should be noted that the absolute amoupt of 
water sorbed by the SPSF-Na series is greater than that of 

the SPSF-K series for a given degree of sulfonation. 

The total water sorbed per gram of membrane was 

obtained by extrapolation of the plateau, and the 

values are tabulated in Table VIII. The observed difference 

in the water uptake between the two series of membranes 

may, in part, be due to the formation of ionic clusters of 
101 different size. Macknight et al. · reported the depen-

dence of the effective radius of a cluster on the radius 

of the counter ion, and that the hydration of.the counter 
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Table VIII. 

Total Water Sorbed by Dense Membranes 

Membrane H2o (g)/Membrane (g) 

PSF 0.006 

SPSF-Na(O. 2) -----
(O. 4) 0.075 

(0.6) 0.140 

(0.8) 0.190 

(1.0) 0.192 

SPSF-K(0.2) 0.017 

(0.4) 0.029 

(0.6) 0.053 

(0.8) 0.106 

(1.0) 0.122 
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ion was related to the addition of water. 

Noshay and Robeson6 reported. water sorption of 5% 

to 61% for SPSF-N.a (0 .1) to SPSF-Na (L 0) . These are 

greater values than: the results of this.study (1% to 

19%), probably due to the difference in the.experimental 

technique of sorption measurement. In their study, mem;.. 

branes were directly immersed in water and gently wiped 

dry before the weight measurement. Hence, a greater 

weight gain is reasonable for such a study as compared 

to the present one, although the tre!ld observed was con-

sistent with the present work. 

B r 1 8 l f d t . b rousse e ..... !!__. a so per orme wa er sorption y 

immersion in water followed by a "superficial" drying 

process in which the membrane was· pressed between tw:o 

.pieces of filter paper, and the values obtained ranged 
. . . 

from 8% to 16%. These values are significantly lower than 

those of Nosha.y and Robeson, but closer to the present 
. . 

study. A comparison of these two studies implies .. Probable 

error in the drying process to remove excess water in.:.. 

volved in the immersion technique. 

The kinetics of .. tl:ie water 11ptake by bot;:.h . SPSF.;;.Na 

and SPSF-K membranes was rapid initially, but slowed down 
and eventually reached a steady state value. AlfJ;"ey et al .102 

.· . . · 103 ... ' ·. : . . and Jacques. et aI. had suggested a method .. to interpret 

··sorption kinettcs where·· the uptake was as.sumed· to follow 

'. ' 
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the relationship: 

(5) 

where Mt is sorption at time t, and k and n are constants. 

Geometric constants and the diffusion coefficient are 

included in k. The slope of::..:a plot of log Mt versus log t 

is n, which provides information on the sorption .mechanism. 

Diffusive behaviour is expected when n = 0.5, whereas relax-:-

ation behaviour is involved when, n = 1. n is equal to zero 

when the equilibrium is reached. Figures 14 and 15 repre-

sent such log-log plots for SPSF-Na and SPSF--K membranes, 

respectively, where the log % water uptake is plotted 

against log time (hr). Both series of membranes 
exhibited slopes less than 0.5 and such anomalous, .non-

Fickian behaviour was also observeJ02 in the water up-

take by epoxy resin. Noshay and Robeson6 also observed 

non-Fickian behaviour of sulfonated polysulfone membranes 

from the absorption-desorption studies. These authors 

reported that such non-Fickian behaviour similar to a 

swelling process increased with greater degrees of sulfo-

nation. 

The sorption isotherms of the membranes are given 

in Figure 16 and 17 for SPSF-Na and SPSF-K series, respec-

tively. The amount of water sorbed per gram of membrane 

is plotted against the partial pressure of water at 

I I 
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different relative humidities. A comparison of the two 

isotherms indicates the consistently greater uptake of 

water by SPSF-Na membranes as compared to the SPSF-K 

membranes. The steep increase in the latter part of the 

isotherms indicates a possible cooperative sorption pro-

cess due to the hydrogen bonding between water molecules. 

The increase may also be a result of swelling, as indicated 

by the non-Fickian behaviour, as the swelling process will 

open up more sites for the water to sorb. 

In conclusion, sulfonation introduced hydrophilicity 

into an essentially hydrophobic material, polysulfone. 

The amount of water sorbed by the sulfonatedpolysulfone 

membranes was dependent on the nature of the counter ion. 

·Finally, the mechanism for the water uptake was found to 

be non-Fickian for all the membranes tested and seems to 

involve swelling. 
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C. Contact Angle Analysis 

The surface. hydrophirlicity was investigated by the 

measurement of the contact angle of water on SPSF mem-

branes. The advancing and receding contact angles of 

water on polysulfone are listed in Table IX. A total of 

.ten drops were measured for both right and left tangent 

angles, and the individual readings are listed to show the 

reproducibility. The average value of 20 readings are 

80.1° and 61.2° for the advancing and receding angles, 

respectively. The drop size was about 0.7 cm in diameter, 

and the rate of introduction or withdrawal was l cc/hr. 

Noshay and Robeson6 reported a slightly lower value of 

70° for the advancing angle without any information on the 

drop size or the rate of application. Good and co-wor-

kers~Z, l04 however, reported a significant dependency of 

the contact angles on the size of the droplet. For example, 

the advancing contact angle of water on Teflon FEP was 100° 

and 116° for droplets with diameters of 0.3 and 0.7 cm, 

respectively. 

The difference between the advancing.and receding 

angle is usually attributed to hy.steresis, which may be 

caused by surface roughness and/or heterogeneity. A good 

discussion of hysteresis is given in two review arti-
51 SL . cles. ' Suifonation introduced hyclrophilicity into the 

polysulfone membranes, and, as a result, water droplets 
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Table IX. 

Advancing and Receding Angles 
of Water on Polysulf one (Top Side) 

Advancing. Receding 

Left Right Left Right 

78.2 78.8 63.9 60.4. 

82.5 80.7 61. 0 61.3 

80.5 78.2 60.5 60.l 

81.0 80.2 61. 8 62. 6 ·. 

80.7 80.3 58.8 60.4 

80.2 79.2 62.7 61.0 

80.9 80.4 61.8 62 .. 4 

80.3 80.5 61.9 60.2 

79.2 80.8 60.0 62.l 

80.0 80.2 61.2 59.2 

80.4 + 1.1 79.9 + 0.9 61.4 + 1.4 61.0 + 1.1 

Ave. 80 .1 + 1. 0 61.2 + 1.3 
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interacted with the sulfonated polysulfone membranes. 

·shortly after the introduction of water drops onto.the 

membrane, the membranes started tq wrinkle, and this phe-

nomenon was more rapid and extensive.with higher degrees 

of sulfonation •. For t1:l.is reason, advanciI1g and receding 

angles were not determined on the s-ulfonated polymer films, 

but instead, the-contact angles of static drops were 

measured. 

The reported values in Table X are the average of 

ten separate .measurements. The "top" column indicates· 

the side of the membrane interfaced with air and the 

"bottom" refers to the side interfaced with the glass 

plate during the.drying process. Contact angles-on the 

.top side of the SPSF-Na series . decreased with increasing 

degrees of sulfonation. This implies that the extent of 

surf ace hydrophilicity increases with higher degrees of 

sulfonation. This-gener~l trend was also detected with 

the SPSF-K series, al though the extent of decrea-s:e was · 

smaller compared to the SPSF-Na series. This wa,s · con-

sistent· with the results of the water uptake study in that 

for a given degree of sulfonation, SPSF-Na membranes had · 

a greater hydrophilic nature t:han SPSF-K .. · 

No apparent trend.'wras observed for the' bottom side 

of both series of membranes. This may be expected since 

the bottom side is sensitive· to the conditions and 
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Table X. 

Contact Angles of Water on Dense Membranes 

'Top Bottom 

PSF JS.1° 73. 5 . 

SPSF~Na(0.2) 64.4 34.8 

-Na(0~4) 66.4 46.0 

-Na(0.6) 39.3 55.3 

..;Na(O. 8) 32.2 41.l 
.. 

-Na(l. OJ 25.5 56.4 

SPSF-K(0.2) 71. 9 42.0 

.,.K(0.4) 67 .8 42.0 

"."K(O. 6} 63.7 29,5. 

.,.K(O. 8) 69.l 68. l' 

"'."K(l. O) 60.3 .. . 38. 3 

Precision: + 4 . .5° · · - · .. ·' 

. :;, 
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impurities present on the glass plate although the plates 

were annealed at 600° for 15 hours. Finally, it should 

be noted that the average value of the contact.angle of a 

static drop of water on polysulfone (listed in Table X) 

falls between the advancing and receding angles listed in 

Table IX. 

The energetics of the polysulfone membrane surface 

were characterized by measurement of the.critical sur-

face tension (ye)· The determination of critical surface 

tension was done in accordance with Zisman's technique by 

plotting the cosine of the contact angle versus the sur-

face tension of the liquid, as shown in Figure 18. Here, 

the value of ye for polysulfone obtained by extrapolation to 

zero contact angle (cos e = 1) was 43. 0 dyne/ cm. The initial 

attempt to obtain ye for the sulfonated polysul.fone mem-

branes was not completed d.ue to experimental di.fficul-

ties. The major problem was due to the hydroscopic nature 

· of both the sample and the liquids used, which resulted in 

film distortion. The y value for cel.lul.ose acetate mem-c 
brane was determinea, however; for comparison and was found 

to be 37.0 dynes/cm. Thus, PSF is more wettable than CA 

by more liquid.s. 

ln surmnary, the top side ot SP::;F membranes exhibited 

greater hydrophilicity wi.th increasing degrees of sul.fona-

tion. In add..ition, the surface of SP~F-Na membranes was 

more hydrophilic than the surface of SPSF-K membt'anes for 
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a given degree of sulfonati.on. These two observations 

were consistent wi.thtne bulk polymer membrane charact-

eristics as determined from water uptake measurements. 

Thus, it can. be concluded that in terms of hydrophili-

city, the surface of SPSF membranes mimics the bulk 

membrane characteristics. 
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D. ·Structural Analysis of Sorbed Water 

The structure of water sorbed by SPSF-Na ~l. O) mem-

branes was analyzed by near infrared spectroscopy (IR) . 

The application 0£ near IR to stuay watel;' structure iµ the 
.. b. . t. d . h b · . .. t ... d b .L klOS com ina ion an overtone region .· . as . een repor e .. · · y .. uc ·.·. 

Figure 19 giveEI the near IR absorption bands obtained with 

SPSF-Na (1. OJ at ·10070 relative humidity over a period of 24 

hours. The constant increas.e in the peak height; indicating 

an incl:'.ease in the amount of sorbedwaterwith respect to 

time, is in accordance with the result of the water up-

take study. Table X! lists the values of the characteristic 

wavelength '<A . ) of .the water combination band for bending . .max 
v 2 and stretching v 3 at various tempera:tures. ·Within exper- . 

imental error, Amax did not show any temperature dependence. 

However, the comaprison of this Amax with that of pure water, 

also listed in Table XI, indicates an interesting result. 

The Amax of water in membranes is shifted.to a shorter· 

wavelength indicating that the water in SPSF-Na {1.0) has 

.a weaker H-bond system compared to bulk water. A similar 

observation was made by Luck with cellulo$e acetate 

membranes. 83 

Although the present study is only prelimi.nary in re-. 

gard to the analysis of water structure in a SPSF membrane,. 

it is still encouraging and exciting to obtain results in 

agreement with other types of membrane st'udies; 
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Figure 19. IR absorption band of SPSF-Na_ (1. 0) at 

100% relative htnnidity. 
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Table XI. 

IR Absorption due to Water in SPSF.:.Na(L O) .. 

at 100% Relative Humidity 

Temperature 

22.0°C 

20.0°c 

18.0°C 

16.o0 c 

14.0°C 

12:0°c 

l0.0°C 

22.0°C 

Ave.·. 

Pure water 

·.·Amax (ki). 

19.19 
. 19.19 

19.19 
19.19 

i9.19 
19.18 

19.18 
19.18 

19.19 
19.20 

19.19 
19.21 

19.20 
19.21 

19.19 
19.20 

19.19 + 0.01 

19.31 + b.02 
. -
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E. Electron Spectroscopy for Chemical Analysis 

1. ESCA Analysis of SPSF Polymer Powders: ESCA 

analysis was performed on all SPSF polymers obtained to 

investigate the presence of any surface contamination and/ 

or to verify· the degree of sulfonation (D.S.) of the polymer. 

Sodium and potassium were detected in the corresponding 

Na and K salt SPSF polymers. Tables XII and XIII list the 

composite binding energies (BE) of the S 2s, Na ls, or K 2p3, 

and- o. ls photoelectron peaks £or SPSF::.:'Na and SPSF-K 

polymers. 
In general, a good consistency was observed in the 

binding energies for the various polymers. A doublet .. in 

the Na photoelectron peak was noted for SPSF-Na(0.2) poly-
. . . ' . 

mers, indicative of two types of Na. The higher binding 

energy photoelectron peak is probably due to residual sodium 

introduced into the polymer during the neutralization 

process. The presence of this residual compound in the 

polymer may explain the unusually high water uptake 

observed with the SPSF-Na (0. 2) membrane. 

Also listed in Tables XII. and XIII are the values of 

the relative atomic ratios of the sulfur photopeak to 

the sodium or potassium photopeak. As can be noted, the 

tabulated values did not show any trend with respect to the 

degree of sulfonation. Furthermore, the values of the 
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Table XII. 

ESCA Analysis of SPSF-Na Polymer Powder 

B. E. (eV) S/Na 
D.S. s 2s Na ls 0 ls Exptl. Calcd. 

0.2 231.8 1073.8 533.4 0.96 6 
1071.9 

0.4 231. 8 1071.6 532.1 1.42 3.5 

0.5 231. 9 1071.5 532.1 1.90 3.0 

0.6 232.0 1071.8 532.2 1. 22 2.67 

0.8 231.1 1071.6 532.1 1.07 2.25 

LO 231.7 1071.9 531. 7 1.49 2.0 

Precision: + 0.3 eV 
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Table XIII. 

ESCA Analysis of SPSF-K Polymer Powder 

B.E. (eV) S/K 
D.S. s 2s K 2p3 0 ls 

Exptl. Calcd. 

0.2 231. 9 292 .7 532.1 0.72 6 

0.4 231. 6 292.7 532.0 1.22 3.5 

. 0. 6 231. 6 292.7 532.4 1.69 2.67 

0.8 231.9 292.9 531. 7. 1.08 2.25 

1. 0 231.8 293.0 532.2 1.65 2.00 

Precision: + 0.3 eV 
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experimental S/Na and S/K ratios are consistently less than 

the calculated ratios based on the targeted degree of 

sulfonation listed in the final column. This may be due 

to the surf ace heterogeneity of the polymer powders such 

that the surf ace composition is different from the 

bulk composition. 

Another reason for the above discrepancies may be the 

increasing amounts of sorbed water resulting from the in-

creased hydrophilicity·for the higher degrees of sulfo-

natibn. The nature of sorbed water may be such that it 

induces the migration of sodium ions to the surf ace as a 

result of interaction with SPSF. The nature of sorbed 

water is discussed in a later section. To verify this 

possibility, the temperature of the sample probe was 

raised. For this study, a SPSF-Na(0.5) membrane was 

employed and since its Tg was determined 
. 0 probe temperature was varied from 30 to 

to be 218°c, 

150°c. 

the 

Table XIV lists values of various atomic fraction ra..., 

tios as determined by ESCA.· The dependence of the atomic 

ratios on the probe temperature was determined to be 

minimal, and, thus, the disparate atomic ratios 

are not likely to be due to sorbed water. The final note 

in the analysis of polymer powder with ESCA is that the 

powder surface does not have the same stoichiometry as 

the bulk, although the explanation of such an observation 
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Table XIV. 

Temperature Dependence of SPSF-Na(0.5) Polymer Powder 
on ESCA Analysis 

Probe Temperature 
(oC) 

30 

100 

150 

Precision: 15% 

S/Na C/Na 

1. 90 24.6 

1. 50 27.6 

1. 70 31.5 

C/S C/O O/S 

16.4 4.0 4.2 

18.1 4.3 4.3 

21. 5 4.5 4.8 
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cannot be conclusive at this time. 

2. ESCA of Dense Membranes~ ·The surface ·chemical com-

position of dense membranes was determined using ESCA ana-

lysis and th.e resµlts are tabulated in Tables XV and XVI for 

the SP SF-Na and SPSF•K membranes,· respectively. Atomic 

fractions of C, s, o, and Na or K for both the top and 

bottom sides of the .membrane are listed in addition to 

the values of the Na/S and the K/S ·atomic fraction ratios. 

Neither the top side nor the bottom side of the membrane 
. . 

.showed any dependence of chemical composition on the degree· 

of sulfonation. Therefore, ESCA analysis indicates that 

the actual degree of sulfonation at the membrane surf ace 

does not reflect the bulk degree of sulfonation but is some 

different value as a result of complex p~ocesses, a result 

similar to- that with the polymer powders.. These processes 

may include random orientation of polymer chains during 

the. drying process, ana interaction of polymer molecules. of 

.·. varying degrees .of sulfortation with the solvent. 
( . 

3~ Comp~rison of Polymer Powders and Two Sides of Mem-

.brane: 

The results of the last two sections indicate that the sur-

face composition of polymer powders and membranes is different 

,,,·. 

,·· ... 





Table XVI. 

ESCA Analysis of the Surface Chemical Composition 
of SPSF-K Membranes 

~--

Atomic Fractions 

Membranes Sides c K s 0 S/K 

SPSF-K(0.2). J Top(T) 0.795 0.013 0.022 0.179 1. 69 

Bottorn(B) 0. 723 0.029 0.035 0. 21L1 1. 21 

(0.4) T 0.768 0.031 0.028 0.174 0.90 
00 

B 0.730 0. Ol12 0.031 0.197· 0.74 .j::" 

(0.6) T 0.676 0.015 0.022 0.287 l. lf 7 
B 0.878 0.018 0.009 0.0% 0.5 

(0.8) 'I' 0.765 0.019 0.028 0.189 1. 47 

B . 0. 689 0. 0lf2 0.046 0. 22lf 1.10 

(l. 0) T 0.808 0.013 0.039 0.400 3.00 

B 0. 8li7 0.019 0.023 0.111 1. 21 
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from the bulk chemical composition. Through the courtesy 

of Dr. J. S. Jen of Corning Fiberglas , wide scan ESCA 

analysis was performed on SPSF-Na(0.5) powders and both 

sides of the SPSF-Na(0.5) dense membrane. The atomic 

fractions of the observed elements are tabulated in 

Table XVII. Tl~e Si photoelectron peak noted on the top 

side of the membrane was significantly reduced by the 

argon etching process ("' 20 ~off) , indicative of surface 

contamination. The Si peak observed on the·bottom side 

of the membrane may be from the glass plate. ESCA 

was, thus, capable of detecting surface contamination (less 

than 20 R. thick) on the cast membranes. In general, both 

polymer powders and membranes had minimal contamination. 

4. Angle-Resolved ESCA Analysis: Angle-resolved ESCA 

analysis enables one to obtain an enhanced surface 

analysis as shown schematically in Figure 20 . Here, 8 is 

the take-off angle, d is the sampling depth, and x is 

the distance normal from the surface. Since the sampling 

depth, d, is constant for a given sample, as the take-off 

angle, e, decreases, the distance, x, which is equal to 

4 ·sine, decreases. Thus, the effective sampling distance 

from the sample s.urface decreases resulting in enhanced 

surface analysis. 



Table XVII. 

Atomic Fractions of Elements. Found in SPSF-Na(O. 5) 
Polymer Powders and Membranes 

Atomic Fractions 

Sample Na 0 c s 

Polymer Powder 0.0295 0.1636 0.7341 0.0728 

Membrane - Top 0.0166 0.1807 0.6935 0.0589 

Top + 
(after 1 min Ar 

sputtering) 0.0152 0.0326 0.8719 0.0688 

Membrane - Bottom 0.0235 0.2149 0.6448 0.0720 

Si 

0 

0.0503 
00 

°' 
0.0113 

0.0448 
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e 

X= d·Sin 9 

Figure 20. Angle resolved ESCA. 

d Sampling depth 

8 Take-off angle 
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Initially, the effective degree of sulfonation of 

the membrane surface and its distribution were investigated 

from the corrected photopeak area ratio of the two types 

of sulfur photopeak, namely sulfur fromso 2 and sulfur 

from so3. Thus, model compounds to obtain the value of 

the binding energies for the two sulfur peaks from diphenyl-

· dichlorosulfone and p-toluene sulfonic acid were chosen 

for -so2- and -so3- groups, respectively.· The determined 

binding energies and atomic fractions for the two com-

pounds are tabulated in Table XVIII. Su1fonates (-so3-) have 

a higher binding energy compared to sulfones (-so2-) even 

though the oxidation state of the two sulfurs are both for-

mally +6. This is due to the fact that sulfonates have 

three electronegative groups (oxygen) compared to two for 

sulfones. Thus, the sulfur in sulfonate is slightly more 

positive in nature and, therefore, has a higher binding 

energy. 

The difference between the two sulfur peaks was 

determined to be 0.3 to 0.4eV. Using this value and a 

separation of 0 .1 to O.JeV for so3 an4 so2 oxygen peaks, 

the composite sulfur and oxygen peaks for the SPSF-Na(0.5) 

membrane were curve-fitted. The computer program employed 

for the·· curve fitting was GASCAP dev~loped hy G. Dulany ?8 

Figures 21 and 22 show typical curve-fitted and curve-resolved 

peaks, respectively. Table XIX lists .the curve-resolved 



B.E. (eV) 
s 
Cl 
0 
Na 

A.F. 
O/Cl 
S/Cl 
S/O 
S/X 

Table XVIII. 

ESCA Analysis of Dichloro-diphenyl Sulfone (DDS) 

and p-toluene Sulforiic Acid (p-TSA) 

DDS 

231.7 + 0.2 
200.1 + 0.1 
531.2 + 0.1 

0.9 + 0.1 
0.33 + 0.02 
0.35 + 0.02. 

p-TSA 

232.0 + 0.1 

531.3 + 0.1 
10 7 0 . 6 + 0 . 2, 

0.33 + 0.02 
0.61 + 0.03 



237 235 233 231 229 227 

BJnding Energy (cV) 

Figure 21. Curve fitted S 2s peak for SPSF-Na (0.5). 

225 

\0 
0 



.,. 
237 232.3 231.9 225 

Binding Energy (eV) 

Figure 22. Curve resolved S 2s peak for SPSF-Na (0.5). 
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Table XIX. 

Curve-Resolved ESCA Analysis of SPSF...;.Na(0.5) 

Element B.E. ii: (eV) 

0 ls C-0-C 533. 7 

532.1 

-so2- 531. 9 
-

s 2s -so~x 232.4 
..J 

-so2- 232.0 

Na ls 1072.0 

7i:Background C ls: 284. 6 

Precision: + 0.3 eV 
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binding energies for SPSF-Na(0.5). The observed values 
. . h h. . d l" . . 1 106 are consistent wit· t e :r:eporte.· iteratu+e va ues. 

·The 0.3eV separation between the two peaks, however, 

was found to be too small to allow a quantitative res-

elution of t.he two peaks by the present technique. Figure 

23 shows the composite peak of two peaks separated by 0. 3eV 

whose relative ratios were vari~d between 1:4 and 1:1. 

It is clear that the fittings are quite close for the 

two cases and that to retrieve quantitative information 

from the study may be erroneous. 

The information regarding the surface composition 

compared to the bulk was thus accomplished by considering 

the angle-resolved total peak areas under the sulfur and 

the sodium photoelectron peaks. 

The experimental and calculated values of the atomic 

ratios for SPSF-Na(O. 5) polymer are compared in Table XX 

A good correlation was noted in most cases except 

where sodium was involved. Calculated values 

for sodium were about a factor of 1.8 greater in 

the experimental values. A similar discrepancy of 1.6 

was also noted in the case of the sodium salt of p-toluene 

sulfonic acid used as a model compound (see Table XVIII). 

The basis for the normalizing factor is not determined 

at this time, although other inorganic salts also showed 

such discrepancies, as noted in Table XXI. The present 
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Figure 23. Theoretical composite ESCA peaks of 2 peaks separated by 

0.3 eV with varying relative ratios. 
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Table XX. 

Analysis of SPSF-Na(0.5) Polymer with ESCA 

Atomic Ratio Exµtl. Calcd. 

S/Na 1. 9 3.3 

C/O 4.5 3.8 

C/S 18.4 19 

C/Na 34.0 64 

O/S 4.2 4.9 
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Table XXI. 

Atomic Ratios of Various Salts By ESCA 

Salt Uncorrected Corrected 

NaCl Na Cl 
1 1 

K2cr2o7 K Cr : 0 
2 1 3.4 1. 3 1 3.5 

K2so4 K s 0 
3 1 4.2 2 1 4.2 

NaC2H302 Na 0 
1. 2 1 0.8 1 

Na2so4 Na s 0 
3.4 1 3.8 2.2 1 3.8 

Li2so4 H2o Li s 0 
3.3 1 3.9 2.2 1 3.9 
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discussion will be based on ·the trend in the values of 

the atomic ratios. 
. 0 

The result of the 90 normal. mode analysis is compared 

with the surface enhanced 30° electron take-off angle in 

· Table XXII. A change in the atomic ratios was noted only 

in the decreased values for S/Na and C/Na. This indicates 

the presence of more sodium on the surf ace of the polymer 

powder compared to the bulk. The spatial distribution of ele-

ments on the polymer powder is compared with the film in 

Table XXIII. ·In contrast to the powder sample,· the value 

of the atomic ratios for the film showed a minimal dependency 

on the electron. take-off .angle. This inqicates greater chem-

ical homogeneity across the cross-section of the membrane 

compared to the polymer powders. 

Table XXIV compares the cross-sectional chemical 

distribution between SPSF . ...,Na and SPSF:;.;K m.embranes. Un-

like SPSF•Na membranes, the relative concentration of 

counter ions on the surface decreased.in SPSF-K, as 

evidenced by the increas.ed values in S/X and .G/X ratios. 

Such enhanced concentration of sodium ions on the SPSF-

Na membrane surf~ce, ·when compared tO the SPSF ... K mem-

brane surface, may explain the greater surfacehydrophi-

licity of SPSF-Na membranes determined by the water uptake 

and by the water contact angle measurements; 

Based on. the angJ.e-resolved ESCA ana,lysis, the 
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Table.XXII. 

Depth Profile of SPSF-Na(0.5) Polymer with ESCA 

Atomic Ratio . 30° 

S/Na 1.9 + 0.2 0.7 + 0.1 (3.3)* 

C/O 4.5 + 0.9 4.7 + 0.5 (3.8) 

C/S 18.4 + 0.9 18.9 + 1.9 (19) 

C/Na 34.0 + 3.8 13.7 + 2.4 (64) 

O/S 4.2 + 0.8 4.0 + 0.5 (4.9) 

*Calculated values 

Precision: 15% 
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Table. XXIII. 

Compariso:n of Polymer Powder and Film Surface Co~position 
with ESCA: SPSF-Na(0.5} 

Powder ·.Film 

90° 30° 90° 

· S/Na 1.9 0.7 2.3 1. 7 

. C/O 4.5 4.7 3.7 4.5 

C/S. 18.4. 18.9. 20.4 21.i2 

C/Na 34.0 13;7 45.5 35; 6 

0/$ 4.2 4.0 5.5 4.8 

Precision: + 15 % 

.. ··: }.'" 

·.·. 
'< 



Table XXIV. 

Comparison of Angle-Resolved ESCA of SPSF-Na and SPSF-KMembranes 

SPSF-Na(O. 5) SPSF-Na(l. O) SPSF-K(0.6) SPSF-K(l.0) 
. 90° 30° 90° 30° 90° 30° 90° 30° 

S/X 2.3 1. 7 4.7 .65 1.4 2.8 3.0 6.6 

C/X 45.9 35.6 52.6 10.1 37.8 96.6 62.1 162.6 

O/S 5.5 4.8 2.8 4.0 7.3 7.19 3.6 . 4. 5 

X : Na or K 

Precision: + 15 % 
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following conclus,ions can be made. Firstly, the polymer 

powder surface composition is more heterogeneous compared 

to the surface of cast membranes. Secondly, the counter 

ion concentration on the surf ace is greater for SPSF-Na 

membranes compared to SPSF-K membranes in accor-

dance with the lower contact angles of water and higher 

water uptake capacity for SPSF-Na membran,es. 
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F. ESCA Analysis of Asymmetric Reverse Osmosis Membranes 

Reverse osmosis membranes, before and after use in 

the desalination test cell, were analyzed by ESCA. 

Also, membranes having different fluxes and separation 

efficiencies were analyzed to examine any apparent 

differences. The test membranes were dried in air prior 

to ESCA analysis. Table XXV lists the binding energy (BE) 

and the atomic fraction (AF)· for the membranes studied. 

In all cases, a very good consistency was fo~nd in the 

BE values.. Membrane (1) gave practically no flux, where-

as membrane (2) showed good flux in one case and not in 

the other, although they were cut from the same sheet 

of membrane. 

In general, no significant differences in the ESCA 

parameters were noted between any of the membranes investi-

gated. The relatively high sulfur AF for unused membrane 

(2) and the high oxygen AF for membrane (2), which gave 

a good flux, is noteworthy, however. Wide scan ESCA 

spectra were obtained on membranes that gave a good and a 

bad flux in the desalination cell. The results are 

tabulated in Table XXVI. In addition to carbon, oxygen, 

sodium, and sulfur, which were expected, small peaks 

attributed to nitrogen and silicon may be due to con-

tamination, although the overall level of contamination 

was minimal. A peak at 51.4 eV could not be identified. 



'fable XXV. 

ESCA Results ·of Asyrmnetr.ic SPSl"-Na(O. 5) Membranes 

Before and After Use in the Desalination Test Cell 

B.E. A.F. Flux 
Membrane Sample Na ls s 2s 0 ls Na s 0 c g/hr(25°C) Sep'n % 

----

1 Unused -T 1071. 5 231. 9 532.2 0.002 0. 010 0. 1811 0,803 

-B 1071. 6 231. 8 532.4 0.002 0.008 0.181 0.809 

useJ -1' 1071. 5 231. 7 532.2 0.001 0. 0011 0.138 0.857 O. ll08 '\,50 
I-' 

-B 1071. 5 232.0 532.2 0.003 0.012 0 .182 0. 80!1 0 w 

2 Unused -T 1071. 5 231. 8 532.0 0.002 0.028 0.162 0.809 

-B 1071. 6 231. 7 532.2 0.002 0.026 0.156 0.816 

Used -T 1071. 9 232.1 532.2 0. OOL1 0. Olli 0.300 0.682 1365 0 
(Good flux) 

-B 1071. 5 232.0 5.32 .1 0.005 0.012 0 .196 0. 787 

Used -T 1071.6 232.0 532.2 0. 003 0.017 0.189 0. 790 <.5 
(Bad flux) 

-B 1071.3 231.7 531. B 0.002 0.015 0 .169 O.Bl4 
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In conclusion, the performance of the reverse osmosis 

membrane cannot be explained by the ESCA analysis bas.ed 

. · on the present study, Similarities in the surface chem-

ical composition of the membranes discussed indicate that 
. . 

some other factors are more influential in determining· 

the membrane perf:ormance - at ·least at this :stage .. 

Probable factors may be physical homogene.ity and repro-

ducibility of the prepared membranes. 
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1 G. Ion Exchange Capacity 

The ion exchange capacity (IEG) of asymmetric 

SPSF-Na and SPSF-Kmembraneswas investigated. It is of 

great importance to understand the IEC of the membranes 

since the actual desal,inatiori process involves solutions 

of various electrolytes with sodium chloride as the major 

component. In addition, the information of.the IEC may 

be useful in both the synthesis and the membrane fabri-

cation process. For example, if one type of salt 

form is easier to produce or handle, then 

·the material so available may easily be ion exchanged to 

a salt with a different counter ion in the final step 

to yield the desired salt form. 

Initially, 0. 1% KCl and NaCl solutions showed an 

absence of Na and K, respectively. Bowever, after being 

equilibrated with SPSF-Na and SPSF-K, respectively, a 

significant. level of Na and K were detected in the 

solution by atomic absorption spectroscopy. The extent 

of ion exchange was calculated based on_ the weight% of 

salt per gram of each polymer membrane, and was found to 

be about 78% for SPSF-Na(0.5) and about 76% for SPSF-K 

In terms of an equivalence number, the IEC is 0.822 

meq/g and0.929meq/g for the SPSF-Na(0.5) and SPSF-K(0.6), 

respective.ly. These values are in good agreement with the 
8 results obtained by Brousse et al. They employed the 
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IEG as a means of identifying various sulfonated 

polysulfones, and it ranged from 0. 635 to 1. 020meq/ g 

obtained by titration. It is reasonable to assume that 

since 0. 5 and 0. 6 degrees .of sulfonation are the mid-

degrees of sulfonation' the .. ion exchange capacity would 

also be in the mid-range of about 0.800 meq/g. Noshay and 

Robeson? employing the titration method .of Fisher and Kunin~07 

reported a value of l.15meq/g for SPSF-Na(O. 5) which is 

slightly higher than the present results. 

Dried membranes, after the ion exchange study, were 

analyzed by NAA and the result was 92% exchange for SPSF-

Na and 63% for SPSF-K. The overall exchange of about 80% 

was greater than expected. The ESCA analysis provides 

additional support for extensive ion exchange. Figure 24 

shows the ESCA spectra of the Na ls and K ls photoelec-

tron peaks for SPSF-Na(0.5) before (A, B) and after (C, 

D) the ion exchange study. A very strong Na ls peak (A) 

is seen initially at an attenuation of lK. Since the 

polymer is the Na salt, there was no K photoe1ectron peak 

(B) present initially. The small peak observed was 

the 11 .. ~._. + TI transition of the carbon shake-up peak. After 

the ion exchange, the Na photoelectron peak (C) decreased 

significantly. Note not only the decrease in intensity, but 

the fact that the attenuation is only 500. In addition, a 

strong K photoelectron peak is observed (D). The two peaks are 
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A 8 
Na ls K 2P3 
1071.8 eV 
200Qcps 0< 500 cps 

c D 
Na ls K 2P3 
107L6 eV 292.9 eV 
500cps. 500 cps 

Figure 24. Photoelectron peaks of Na and K in SPSF-Na (0.5) 

before (A,3) and af:er (C.D) the ion exchange study. 

*cps counts per second 
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for the 2pl and 2p3 photoelectron. peaks. Combining the 

results of ESCA, NAA, and AA, the ion exchange process 

does not occur just at the membrane surface but throughout 

the bulk of the membrane. 
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H. Electrical Properties of Dense Membranes 

. 1. Trans i.ent. Cur+ent in NaCl (ag)' :system: The vol-

tage response of den~e SPSF-Na ( 0. 5) .membranes to constant 
: ,. .' ., . 

direct current showed a ''square pulse-like" increase in 

the overvoltageas shown in Figure 25. The terni 'over-

voltage implies: the .membrane potential difference (MPD) 

which is the notential difference across the membrane as 
•' ~r· ' . . • ' 

a result of applied current. Thus the MPD used in this 

·study is different· from the intrinsic membrane poten'tial. 

The int:tins:i_c membrane potential of SPSF membranes was 

less than 2 mV; The observed shape of the curve was 

similar for both directions of the applied current. This 

supports the symmetric nature of the dense membrane across 

the current conducting channels. 

Further, the shap,e of the curve was independent of 

the magnitude of current density and the temperature of 

the system. This is in contrast to the results.of a. simi-
108 lar study performed on a biological membrane, the gas-

trointestinal epithelium~ or the stomach of a frog. The 

difference may be due to the sensitivity of an active 

membrane to temperat:ure.· ·The SPSF-Na membranes have good 

thermal stability and thus are not likely to show any 

sensitivity to.a temperature variation between 9° and 30°c. 
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time 

30 sec 

Figure 25. Overvoltap:e response to 0.5 µA current density 

in NaGl(aq)/SPSF-Na (0.5)/NaCl(aq) system. 
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The values for the MPD due to the various current 

densities applied for a period of 1 minute are plotted 

as a function of the ma::;nitude of the applied current 

in Figure 26. Here, it is clear that the Na.Cl/membrane 

NaCl system followed ohmic behaviour to a reasonable 

extent, although a slight deviation was observed at 

current greater than 40 µA. 

The effect of temperature of this ohmic behaviour 

was also investigated and the result is shown in Figure 

27. Again, the MPD is plotted against the current, and, 

as it can be seen, for a given current density, the MPD 

increased as.the temperature of the system decreased. 

Good linearity was observed for each temperature studied. 

·2. Transient Current in Other Electrolyte Systems: 

The electrolyte .system was varied to investigate the 

nature of the current-carrying ions. Because th.e initial 

approach was to change the size of the cation, NaGl(aq) 

was first replaced by choline chloride(aq) . In this 

system, a significantly greater resistance was observed 

as compared to the NaCl(aq) system, as sho;;·m in Figure 28. 

This figure includes results obtained from four differ-

ent. systems, namely choline chloride/membrane/choline 

chloride, NaCl/membrane/choline chloride, choline chloride/ 
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membrane/NaCl, and finally, NaCl/membrane/NaCl as a 

comparison. It is also important to note at this point 

that the first quadrant represents the system when the 

current is passed from the left-hand chamber through the 

membrane to the right-hand chamber. The reverse current 

direction is plotted in the third quadrant. 

A comparison of the NaCl/membrane/NaCl system and 

the choline chloride/membrane/choline chloride system in 

the first quadrant indicates a 3-fold increase in the MPD 

for the latter system. For the NaCl/membrane/choline 

chloride system, the positive direction of applied current 
+ . 

induces the migration of Na ions across the membrane from 

left to right and ·of Cl ions from the right to the left. 

Thus, in principle,. the transport phenomenon in this 

system is similar to the NaCl/membrane/NaCl system. This 

was indeed the case and the MPD approximated the values 

obtained for the NaCl/membrane/NaCl system as shown in 

Figure 28. By the same token, the plot of the MPD for 

the choline chloride/membrane/NaCl system was about the 

same as for the choline chloride/membrane/choline chloride 

system. The same results were obtained with the reverse 

current as shown in the third quadrant. Thus both the 

NaCl/membrane/NaCl and choline chloride/membrane/choline 

were symmetrical across the origin whereas the NaCl/mem-
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brane/choline chloride and choline chloride/membrane/NaCl 

systems showed a break at the origin. showing a de.pendency 

of the current direction. It can be concluded that the 

resistance of the system was affected by the nature of the 

cations. 

The effect of .the anion was investigated by using 

Nac103 (aq) and the results are given in Figure·29. Again, 

four types of systems were considered: NaCl03/membrane/ 

Nac103 , NaCl/membrane/NaCl03 , NaCl03/mernbrane/NaCl, and, 

NaCl/membrane/NaCl. As is clearly shown in Figure 29, 

however, the electrical behaviour was indifferent to the 

change in the nature of the anion. In conclusion, there-

fore, the effect of the cations and the anions on the· 

electrical resistance indicated that the cations play an 

important role in the ion transport process through the 

current-carrying channel, although the transport mech-

anism needs to be.investigated further. 

3. Activation Energies (E ::f) for· Ton transport: . . . a 
The activation energies for the ion transport process 

were calculated on the basis of Arrhenius' law, namely: 

R =A e 

E ::f /RT 109, 110 
a 

(6) 

where R is the resistance, Ea::f is the activation energy, 
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R is the gas constant, T is the Kelvin temperature, and 

A is a constant. Therefore, in this study, the natural 

log of resistance was plotted against l/T to obtain the 

value of Ea+ which would be the slope of a plot such as 

that shown in Figure 30. The system plotted is for SPSF-

Na(0. 5) in NaCl so1utiori, and a relatively linear Arrhenius 

plot was obtained for temperatures between 40 and 9°c 

with a possible break at tl8°c. This is quite different 

from the results obtained with the gas:trointestinal 
"th. l" lOS h d" . b . k . th epi . e ;Lum , w ere a istinct rea in · e curve was 

observed in the vicinity of 16°c, 

This break in the Arrhenius plot around 16°C, which 

indicates a change in the activation energy, has been 

observed in other systems, including the surface tension 
111 . 112 of water , and many biological systems. Ey simple 

deduction, it can be concluded that the corrnnon factor 

between all of the above systems is water, and the 

extreme sensitivity of the active biological membrane to 

the structural changes of water may be reflected in the 

sharp break in the Arrhenius plot. It is understandable, 

then, that a thermally stable, inactive SPSF membrane 

would be relatively insensitive to the water structure 

and show a very small, if any, break in the Arrhenius 

plot. 
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The effects of membrane thickness and various elec-

trolyte systems on the magnitude of the E:f were also a 
investigated. The three thickn~sses of cast SPSF-Na(0.5) 

membranes used were 8, 12, and 16 mil. The thickness of 

the dried membranes were 0.57, 0.98, and 1.4 mil, res-

pectively. 

The activation energies for the three membranes are 

tabulated in Table XXVII. These values for the activation 

energies compare well with the activation energies of 

desalination of SPSF membranes (8 to 10 kcal/mole) reported 
·. . 113 by Vinnikova and Tanny. It is interesting to note that 

the value of E~ remained relatively constant for all three 

thicknesses. Such results indirectly indicate that the 

transport of ions across the membrane is not dependent 

on the membrane thickness, and that the energy barrier · 

for the process is similar for the different thicknesses 

for the membrane investigated. It appears, then, that the 

main contribution to the energy barrier is the initial 

interaction of ions with the membrane at the membrane/sol-

ution interface. Obviously, this initial step is present 

in any membrane, and,· thus, the secondary step of ion 

transport within the membrane either contributes much 

less to the process or has the same E~ value regardless 

of the membrane thickness. 
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Table XXVII. 

Activation. Energies (Ea:/=) of SPSF-Na(O. 5) Membranes 

at i = 0. 5 µA in NaCl (aq} Systems · 

Thickness 

Cast (mil) 

8 

12 

16 

Dry (mil) 

0.57 

0.98 

1.4 

E ¥= (kcal/mole)~ a 

8.7 + 0.8 

9.2 + 0.1 

9.4 + 0.1 
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'l'able·XXVIII lists the effect of the nature of the 

electrolytes on the activation energy. Although the 

resistances were higher for MgC12(aq) and 9holine chlo.ride 

(aq) systems as compared to NaCl (aq) , the value of r/: . . a 

was about the.same. This rather surprising result may 

be interpreted as follows: The average value of E: 
for ion transport across the SPSF-Na(0.5) membrane was 
. ·. . . . . . 

found to be around 9 kcal independent of the membrane 

thickness and.the nature of the electrolyte solution. 

Comparison of.this E~ value to the value of 13 kcall14 

for the disruption of bound water indicates that the ion 

transport process may involve the breakage of bound water. 

In addition, . similarities in the energy barrier for the 

NaCl. and MgC12 systems can be interpreted as having 

similar transport mechanisms. 

The notably lower activation energies.for the choline 

chloride system can be understood as follows: Choline 

ions, being relatively large ions, may not pass through 

the membrane channel. Thus, the energy barrier for the · 

choline transport process can be regarded as infinite. 

Then, the actual conduction process must be carried out 

by the chloride ion.· or brea!(ing free water. This model 

is supported indirectly by making the comp~rison that the 

activation energy of free water dis.turbance. by electrolyte 

is 3.3 kcal/mole114 . 

··, I 
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Table XXVI:£I .. · 

Effect of Electrolytes on Ea=Fqf 8 mil SPSF-Na(0~5) Membrane 
~. ' 

System ··.· E 1' (kcal/mole) .... a .... 

NaCl /·NaCl .. 9.2 
.... ;·· . 

Mgcl2 I Mgc12 . . 8 ~ 6 ·.· 

ChCl/Cht?;l* 2.4 

,',-" 

3. 5% NaCl solution ·resis·tanc:e 3.3. 

' . ' ' 

*ChCl · : 'choline · Chloride · 
. . . 

Precision: 20% · 

·' -~· .. 
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4. Model of the Current-Carrying Channel: This 

investigation was performed by analyzing the shapes of 

the voltage response to a series of transient current 

pulses of 50 µA. The system studied was NaCl/membrane/ 

choline chloride. Figure 31 shows the trace of the.vol-

tage response to 3 sequential current pulses from the 

left chamber to the right (positive current), followed 

by another 3 pulses in the reverse.direction (negative 

current). 

The initial pulse i,n the positive direction showed 

an instantaneous spike which decreased and then reached 

a plateau. The values listed by each spike are the 

overvoltage. By the second and third pulses, the magni-

tude of the spike decreased further and the heigh,t of 

the voltage response also decreased. 

The qegative cu:t"rent induced an 'expcmential.,.. like' 

shape, and the height of the response increased ~J'ith the 

series. It should be noted here that the positive cur:-
+ . 

rent induced migration of .Na ions from the left chamber 

to the right an<f that.the converse holds true for the 

negative currerit. 

Based on curve analysis, the following deductions 

were made: (1) For the positive current, the initially 

high :MPD indicates high resistance, and the decrease in 
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Figure 31. Overvoltage res.ponse to transient current by SPSF-Na (0.5). 
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the response height reflects a reduction in the resistance. 
+ Thus, as the Na and Cl- ions pass through the membrane, 

the resistance decreased. (2) For the negative current, 

continuous migration of choline ions and Cl ions increased 

the resistance of the system. Combining these two de-

ductions and the fact that Cl- ions are present in both 

systems, one very simple interprE-tation would be that the 

transport of Na+ ions opens up the current-carrying channel 

whereas the choline ions block the channel. 

The results obtained for the MgC12 (aq) system were 

similar to the other systems except for one interesting 

aspect. The MPD in response to the applied current was not 

reversible for the magnitude of the current density. The 

initial MPD up to 0.5 µA was about the same as for the 

NaCl(aq) system. At current densities·greater than 10 ]JA, 

however, the values of MPD increased to values similar to 

those obtained in the choline chloride system and remained 

high even if 0.5 µA current was subsequently applied. 

Table XXIX lists the conductivities of the various 

systems at three sequential currents of 0.5, 40, and 0.5 

µA. The explanation for the conductivity results which 

·provide the basis for the construction of the channel 

model is as·follows: consider a channel with a certain 

radius as show--n in Figure .. 32. The size of the hydrated 
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.... 

Table XXIX. 

Conductivity of SPSF-Na(0.5) 
in Various Electrolyte Systems 

Applied current 
System 0.5\JA 50(20)µA 0.5µA 

NaCl/NaCl 15 .4 "' 18.0 16.7 

MgCl2/MgCl2 11. 0 (3.5) (3. 9) 

NaCl/HgCl2 (6. 6) (5.9/3.9) (5. 7) 

NaCl/NaCl 13 .7 15.8 

KCl/KCl 19.2 19.2 19.2 

NaCl/KCl 19.2 19.2 19.2 

NaCl/NaCl 15.4 17.l 15.4 

ChCl/ChCl"'* o. '5) (3 .. 3) (3. 5) 

NaCl/ChCl (5.6/4.6) (5.6/3.4) 

NaCl/NaCl 11.0 14.5 12.8 

LiCl/LiCl 12.8 15.0 13.3 

NaCl/LiCl 13 .2 15.8 13 .3 

>'<Units : µmho · crn- 2 

**ChCl : Choline Chloride 

Precision: 20io 
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0 Chlline+ · ( ~O)x 
0 Mg*· (H20)y 

Q Na+ · (H20)i! 

Figure 32. Model for current channel of SPSF..,.Na 

(0.5). 
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Na+ ions and the choline+ ions are smaller and larger, 

respectively, relative to the channel radius. Thus, a 

higher resistance may be expected for the choline system, 

although the actual channel pathways are not impaired at 

low and high current densities. Supposing that the 

hydrated Mgz+ ions are about the same size as the channel 
. h 1 d . . M z+ . . h size, t en a ow current .ensities, g ions mig·t 

migrate thr9ugh the membrane like the Na+ ions. With an 

increase in the current density, however, a large quan-

tity of Mg2t ions would push into the membrane and clog 

up the current channel. This simple model is consistent 

with the E~xperimental results. While the proposed model 

calls for further verification, techniques developed in 

keeping with this model could be very useful in determining 

the channel size of a variety of polymer membranes. 

5. Electrical Properties of Membranes of Different 

Degrees of Sulfonation: 

The effect of degree of sulfonation on the resistance 

of the system was also investigated. Table XXX lists the 

conductivity for the various systems studied. As can be 

seen, polysulfone showed the lowest conductivity and the 

conductivity increased with increasing degree of sulfona-

tion. In fact, the conductivity of the SPSF-Na(l. 0) mem-

brane was identical to the solution conductivity. Hence 
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Table XXX. 

Conductivity of Various Systems 

Membrane Conductivity (µmho . cm-2) 

Polysulfone 1. 65 

SPSF-Na(0.5) 21.4 

SPSF~Na(l.O) (59600) 

Solution (59600) 

Applied Current: 0.5 µA (50 µA) 

System: NaCl I Membrane I NaCl 

Precision: 20% 
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it can be concluded that the increase in the sulfonation 

swells the membrane, which results in larger ·channels. 

This in turn may explain the poor performance of poly-:-

sulfone with a high degree of sulfonation as a desali-

nation membrane, although a certain degree of sulfonation 

is ess=ntial to impart hydrophilicity and produce the 

necessary flux~ 

In conclusion, the uniqueness of the electrical 

property studi~s made it possible to obtain information 
. . 

concerning the channel size and the ci.ctivation energy for 

elec-i;rolyte. trci.nsport across the )llembrai;ie. In addition, 

by simply measuring the membrane resistance with the pre-

· Sent apparatus,membrarte performance ma.y be predicted as 

will be discussed in the next section. 
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I. Electrical Properties and Membrane Performance 

Electrical properties were meascired for various 

membranes after the reverse osmosis desalination process 

to study the possible correlation between electrical. 

properties and membrane performance. Membranes were air-

dried upon removal from the reverse osmosis cells and placed 

in the electrical propet'ty measurement apparatus described 

earlier. The results of this study are given in Table XYJCI. 

The.tabulated values for the resistance have been corrected 

for the solution (all 0.599N) resistance of 16.6, 22.8, 
2 and 11. 4 ohm. cm ·. for NaCl., choline chloride, and MgC12 , 

respectively. 

In regard to membrane performance, a well-established 

trend was noted as the degree of sulfonation increased. 

The polysulfone membrane gave practically zero flµx. How-

ever, the membrane flux improved significantly with in-

creasing degree of sulfonation, and the increase in the 

flux paralleled the i.ncrease in the degree of sulfonation. 

At the same time, a decrease in the salt rejection was ob-

served for the greater degree of sulfonation; The mem-

brane conductivity was very small for the polysulfone 

membrane and there was minimal dependence of the conductivity 

on the particular electrolyte system. Thus, it could be 

·concluded that the size of the ion transport channel in the 

polysulfone membrane is small, indeed. 
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For the su1fonated membranes, how~ver, the membrane 

conductivity was significantly greater and eventually 
showed no resistance for the highest degree of sulfonation. 

In. addition to the higher membra!'le condµstivity, the dif-

ference between the three electrolyte systems was.minimal· 

for the highest degreie of sulfonat:ion. For example, 

with SPSF-Na(O. 4), the conductivity for the NaCl, choline 

·chloride, and HgC12 electrolyte systems varied by an order 

of magnitude. However, with SPSF-Na(l.O), there was no 

significant.difference in conductivity between the three 

electrolyte systems. 

Thus, the following conclusions can be made from 

this study: (1) The membrane conductivity has to 

be > l µmho . cm .... 2 .for the membrane to be 

suitable as a reverse osmosis membrane. ·. (2) The ion 

transport channels should have a critical diameter that 

differentiates between electrolytes to give different 

values for the electrical conductivity. (3) These 

electrical property measurements provide a qµick deter-.· 

mination of the suitability of a membrane to be used in 

a reverse osmosis desalination process. 
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J. SEM Analysis of Asymmetric Membranes 

Formation of an asymmetric membrane is a very deli-

cate process and can be an art in itself. Success de ... 

pends upon many variables and complex interactions between 

one or tri.any components at each stage of the preparation 

process. Casting solution components," drying time, 

drying temperature, arid the nature of the gelation 

bath are onlyafew of the many variables. 
. ' 

SEM photomicrographs of cross-sections of dense (A) 

and asymmetric (B) membranes are compared in Figure 33. 

As can be seen, · dehse membranes (A) do not have any porous 

structure within the cross-section. The bright lines 

shown in photo (A) are simply the edges of uneven planes 

introduced during the freeze .... cracking process. 

In contrast to the dense membranes, the cross .... section 

of the asymmetric membrane (B) clearly shows its asymmetric 

nature. Fortunately, a portion of the membrane top layer 

was removed during the freeze-cracking process. The tran-· 

sition from the dense :i;egion of about 5µ to the porous 

region of about 250µ was well presented, as indicated by 

the chipped region. It should also be pointed out that 

the swollen asymmetric membrane is much thicker than the 

completely dried dense membrane. Kesting et al. 115 re-

ported a similar value of 4µ for the thickness of the dense 

layer. It is this dense or active·layer that is considered 
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Fi6 ure 33. SEH photomicrographs of SPSF-~la ( 0. 5) 
:nembrane cross-section. 
A - dense ( X200) 

3 - s yrnrs.e t r i c c :2 0 0) 
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to have effective resistance to solute transport. 

Representative SEM photomicrographs of asymmetric SPSF-

Na membranes are presented in Figures 34 - 38. The mem-

branes were prepared by dif fereht methods as detailed in 

Appendix II. The effect of preparation on the membrane 

morphology is significant. Figure 34 is an SEM of a mem-

brane prepared from a 70/30 mixture of y-butylolactone and 

methanol solution and gelled in t-butanol. The membrane had 

almost a perfect asymmetry except for a rather thick dense 

layer. 

An SEM photomicrograph of a membrane prepared from a 

CaC1 2 and DMF mixture is shown. in Figure 35. The cross-

section of the membrane (B) had huge macrovoids and the 

top side of the membrane (A) had pin holes. Photo (C) is 

the magnified cross s.ection, and it is quite interesting to 

note the apparent similarity between this photo and the 

morphology of the asymmetric region found in Figure 34(B) . 

Figure 36 represents an SEM photomicrograph of an asym-

metric membrane cast from a solution of acetone, H2o, maleic 

acid, and dioxane. The cross-section indicates a gradual 

transition from a dense region into a region. with small 

pores and then into a macropore region. The magnified asym~ 

metric region indicates quite a different structural net-

work of the membrane as compared to the previous two sets 

of photomicrographs (Figs; 34 and 35). Such differences 
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Fi[;ure 34 . SEH ~~-hotomicroGra~:hs of SPSF--Na ( 0 . 5) 
merabrane cast from 70/30 mixture of 
y-butyrolactone and methanol solution and 
~elled in t-butanol . A - X470 B - Xl900 
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Fi;;ure 35. s:=:1 :Jhot c_ , iicro ;:;ra~-hs of SPSF-Na (O. 5) meubrane 
~-,re ~:ared from Cacl2 /rn1F solution :;el led in H2o. 
A: To? (X200) B: Cross-section (X500) 
C: ?'·~a :;nif :L ed detail structure of the cross-
section (XlOOOO) 
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Fi:;ure 36. S ~.3?1 photomicrosraphs of SPSF-Na (0. 5) membrane cast from a mixture 
of acetone, :·:Jaleic acid, n2o, and dioxane [;el led in H2o. A - XSOO 
B - ;:200 
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may be due to the difference ih the interaction with the. 

wet membrane and the gelation media. 

- ____ L_ 

Figure 37 is the membrane produced from the same cast-

ing solution as in Figure 36 , but cast cold. Comparison 

of Figures 36 and 3(.indi_ceites that the cold process shrank 

the membrane in general, as evidenced by the narrower 

cross-section and shrinkage in the fine structures of the 

membrane in Figure 37. The cold process membrane still contained 

a significant number of pin holes on the top surface of 

the membrane (not shown), however. 

Preparatio11 of an asymmetric membrane was attempted 

from DMF solution with maleic acid as a swelling agent. 

This procedure produced a membrane with small pores 

evenly distributed throughout the membrane cross-section, 

a$ shown in Figure 38 

Figures 39 and 40 compare .the -same 

asymmetric membranes before (Fig>•· 39)-•~ and after (Fig. 

40) the reverse osmosis desalination operation. Mem-

branes were cast from a solution of acetone, maleic acid, 

H2o, and dioxane similar to the one shown earlier (see 

Figs. 36 and 31), but at a higher polymer concen-

tration. Photo (A) in Figure 39 shows the top side of 

the membrane and it shows the presence of some pin holes. 

This membrane had about 20-30% salt rejection, whereas the 

others showed no separation. The higher.rejection could 
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F:l3ure 37. SEM photomicrocraphs of a'JyrtUtetr i c SPSF-Na (O. 5) membrane cold cast 
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Figure 39. SEH photomicrographs of SPSF-Na (0.5) membrane prepared from a 

mixture of acetone, tt 2o, dioxane, and maleic acid. A - Top 
(XSOOO) B - Cross-section (X200) C - Magnified cross-section 
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B 

Fi:;u· .. _' e 40 . SE11 photo~.:1i cro z;ra :-:hs of cross-section of SPSF-Na 
(O . 5) 1:Le:-:ibrc1ne shmm in Fi~ure 39 after the re-
verse os= os i s desalination test. A - XSOO 
i3 - X2000 
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be due tQ the· lower density of the pin holes~ The cross-

sectional views, B and c in Fig. 39, clearly in<;lic.ate a 

dense layer on the .topside of the membrane and rain-
. . .. . 

drop.:..lil<.:e macropores. 

· Figure 40 shows the cross-section of the .. same mem-· . " 
. ·. . . . . 

brane after the reverse osmosis desalination test; The 
·. . .. . . 

. . 

membrane. thickness was· reduced. about 2. S~fold, ·.and the 

voids were apparently compressed. In other word:s;. ·.the 

membrane was more compact and dense after· the reverse 

ostnosis test. 

In conclusion, t]1e membrane tnorpholo.gy wa's extensively 

investigated by means of SEM. SER clearly indicat,.ed · 

the effect.of·solut:l.ori composition on.the memb:rane morph-. 
' . 

·ology. In addition,. in some .cases eXamination· of :$EM. 

pbotomicrographs led to predictiort of 'the membrane's 

performance as a reverse osmosis membrane. 

.:·,_:• 

.;: . 



V~ SUMMARY 

The variety of characterization processes carried 

·out in this study.provided a better understanding of 
. . . . 

S)?SF membrane properties in addition to deinon;strating the. 
, , ·. . ,' , . · .. 

feasibility of using sulfoi;iated ·. polysulfo~;e as .. a materlal . 

for reverse osmosis membranes •. ·. ·While some. of. the ,tech-
.· . ,. . ... ' . 

niques, such. as water uptake, · co:ntact angle m~~surettl.ent, 

and ion exchange studies~.·· h~v~ been . us.ed previously: by: other 

workers in a variety pf systems~ the present study was direc ... 

ted specifically to· suifonated polysulfone char~.ct.eriz~tion.· 
. . .. 

In addition, a nov~l study of the electrical .properties.and. 
. - . . . . . 

analysis of SPSF.membranes withESCA and S.EMwere per;ormed' 

for the fi,rst time. · The major' cortclusions of this study 

are summarized below~. 

Sulfonatio.n intrc;>duced hy:drophilicity into an es-. 

sentially hydrophobic pol'ysul:f,op.e. . Thus, the water uptake 
,• . ' . '.' .: 

. ... . ".;.·' . 
was consistently greater for the membranes with higherr 

degrees of sulfonation~ The degree of sulfonation was 

preserved during t.he membrane fabrication process. The 

extent of water sorption was. d.epen,gent, on the natur.e. of 
. . . ·.' . . . ,~ 

the counter ion. in that Sl'SF-Na.membra.hes· shqwed.greater 

hydrophilicity than SPSF-K mem[>ra.nes, for a given degree 

of sulfonation. 
. ··. '· . . . . . .. ' ·~ . . •, ¥; • : . . . . ; . ·. .· . . . . 

Water is ·• les~, hydrogen.,.. bonded· in a SPSF 

membrane as compareci to bulk.water, as evidenced by 

·shifts fat the near I~ absorption. 

148 
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The hydrophilicity of the dense SPSF membranes; 

as determined by contact angles, mimics the bulk membrane 

.characteristics. Thecontact angle of water decreased fot 

higher degrees o,f sulfonation. Further, the contact angle 

of water on the SPSF-Na membrane was less than on theSPSF-

K membrane for a given degree of sulfonation. 

Only Si was found to be:a surface contaminant on 

the membrane surface by E.SCA. Neither the membrane 

surface not the polymer powder surface had the same stoi-

chiometry as the bulk. There was .no trend in the surface 

chemical composition for varying degrees of sulfonation. 

The counter ion concentration on the membrane surface 

.was greater for SPSF-Na compared to SPSF-K; as determined 

by the angle-resolved ESCA analysis. It was not possible 

to predict the membra!le performance in the reverse osmosis 

desalination process based on ESCA analysis. Ion exchange 

occurred not only on the SPSF membrane surf ace: but also 

thr<;>ughout the bulk. 

The electrolyte/membrane/electrolyte system .ex-

hibited ohmic behaviour. The membrane potential differ..: 

ence under transient current was greatly dependent on 

the nature of the cation whereas the nature of the anion 

had no effect. The activation energy was minimally depen-

dent on the membrane thickness. The rate-limiting step 

in the ion transport process is likely to be the disruption 
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of bound water. The membrane resistance was significantly 

dependent. on the degree of sulfonation. The greater degree 

of sulfonation resulted in lower membrane resistance. 

The membrane performance could be predicted from the elec ... 

trical property measurements. The membrane conductivity 

had to be > 1 µrnho.cm"" 2 , but less than the solution . . . 
conductivity for the membrane to be suitable as a 

reverse osmosis membrane. 

SEM photomicrographs provided valuable information 

on the membrane morphology and, in some cases, the 

performance as a reverse osmosis membrane could be pre..: 

dieted apriori from the SEM photomicrog+aphs of the cast 

films. 
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Sulf onation of polysulf one was performed' by the 

procedure described by Noshay and Robeson6 where polysulfone 

was dissolved in 1,2-dichloroethane and reacted with a com-

plex of so3-triethyl phosphate (2:1 ratio) followed by 

neutralization with a base. A brief summary of a typical 

synthetic scheme is given below: 

Preparation of so3/Triethylphosphate Complex: The so3/TEP 
. . . . . 

complex was freshly prepared for each sulfortatiort reaction. 

8.2251 g of distilled triethylphosphate in 40 ml of dry di-

chloroethane was placed in a 250 ml, three-necked, round-

bottom flask. The flask was kept under N2 gas and cooled 

with an ice water mixture. 7.232 g of sulfur trioxide 

was a.dded drop-by-drop during 25-30 minutes with stirring, 

and the solution was kept stirred for another 30 minutes. 

The reaction flask was then allowed to warm up to room 

temperature. 

Sulfonation of Polysulfone: 100 ml of dry 1,2-dichloro-

ethane was placed in a 1 liter, four-necked, round.:.bottom 

flask attached to a mechanical stirrer, a condenser, and 

two dropping funnels, and the flask was kept under N2 gas. 

20 g of 5% solution of polysulfone (Union Carbide P-1700) 

in 1,2-dichloroethane and the so3/TEP complex was placed 

in each funnel. The two reagents were introduced 
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simultaneously during 10 minutes with vigorous stirring. 

The reaction was completed in 30 minutes forming a tan,. 

. coloredprecipitate. The precipitate was then dissolved 

by the addition of lQQ.;.125 ml of isopropanol. To clear. 

the solution, sodium methylate in methanol or potassium 

hydroxide was added to neutralize the acid to prepare 

SPSF-Na or SPSF-K. The precipitate was filtered through 

a fritted funnel and washed with distilled water. The 
0 . .· polymer was dried at 100 G for 24 hours . under vacuum. · 

Compositional Analysis: The degree of sulfonation of the 

prepared polymer was determined by elemental sulfurana-, 

lysis and NMR analysis and the results are tabulated in 

Table A-I. The elemental analysis was performed at Gal.,. 

braith Laboratories in Knoxville, Tennessee. The degree 

of sulfonation (from the NMR analysis) was· calculated 

following the method developed by Kopf. 95 The integration 

of the ring protons defined in Figure A-1 was utilized in 

the equation where the .degree of sulfonation is defined as: 

D = 12 - 4R 
2 + R 

wheJ:'e D = degree of sulfonatiort and R = ratio of peak 

intensities, a + b + c . 

d + C· 
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Table A-!. 

Degree of Sulfonati,on Determined by 
. Sulfur Analysis and NMR · 

Sample No. 

SPSF-Na(0.2) 

SPSF..,Na(0.4) 

SPSF-Na(0.5) 

SPSF•Na(0.6) 

SPSF-Na(0.8) 

SPSF-Na(l.O) 

SPSF-K(O. 2) 

SPSF-K(O. 4) 

SPSF-K(O. 6) 

SPSF-K(0.8) 

SPSF•K(l. 0) 

Target 
Degree of 
Stilforiation 

0.2 

0.4 

0.5 

0.6 

0.8 

1. 0 

0.2 

0.4 

0.6 

0.8 

1 .. 0 

~""ND = Not Determined 

Sulfur 
Analysis 

0.12 

ND7'" 

0.40 

0.39 

0.61 

0.80 

ND 

0.30 

0.38 

0,57 

0.65 

.NMR 
Analysis . 

0.16 

0.34 

0.38 

0.53 

0.68 

1.00 

0.12 

0.32 

0.48 

0.72 

0.87 
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d,e 
~· b 

,-L, 

. -· .-• '·- ___ ,, . ·-·.~--. ..:._., ___ ,,, __ , __ , ______ _ 

.· .· 6 : PPM.(6) ··. 

Figure A-1. Proton 'NMR spectrum of Sulfonated }?olysul,.;;, 
. . I • . 

fone : SPSF,..Na (1.0). 
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The preparation of the asymmetric.membranes was 

done by a method similar to the one qescribed by Loeb and 
S . . 4 ouri.raJan. In all cases,. a casting solution was placed on 

the top of a glass plate and cast into a sheet with a 

doctor's knife·set at a predetermined thickness, typically 

8 to 16 mil. After a brief evaporation period, the glass 

plate was immersed in a gelation bath. Finally, the 

membrane was thoroughly washed in distilled water. 

Numerous cor!lp9sitiqns of casting solution were · 

prepared using the classical approach, i.e.' dissolving 

the polymer in a solvent and adding a less-volatile non-
• _, e' I 

solvent or swelling agent. The initial solution, depending 

on the solubility parameter and the boiling point, con-

tained dimethyl formamide (DMF), and diethyl glycol mon.o-

ethyl ether (DEGME) as a solvent and swelling agent. The 

performance of such membranes were not acceptable, however, 

as shown by the low flux in Table A-II. Other combinations, 

such as using Cacl2 and maleic acid as swelling agents,, 

also failed to show any improvement. 

Attention was then given to a non-classical casting 

solution formulation. The investigation·of the solubili-

ty diagram for SPSF-Na(O.S)· indicatedthat while two 

liquids may be non .. solvents by themselves, the right com-

bination of two liquids may form a solution which falls 

within the solubility envelope116 and becomes a co-solvent, 
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Table A-II. 

Performance of Membr@.p.es Prepared from 
Classical Casting Solutions116 

SPSF-
Na( 0. 42) DMF 

(wt-%) (wt-%) 

16.4 80.5 

17.5 79.5 

17.5 79. 5 . 

17.5 79.5 

17.5 80.9 

17.5 80.9 

17.5 81.0 

17.5 81.0 

17.5 79.5 

17.5 79.5 

DEGM.E 
(wt-%) 

3.1 

3.0 

3.0 

3;0 

1. 6 

1.6 

1.5 . 

1. 5 

.3. 0 

3.0 

Oven 
Temp. 
(OC) 

65 

70 

70 

70 

70 

70 

72 

72 

72 

72 

Oven Flu2 
Time (kg/m2 .s) 
(min) xlO 

45 0.0037 

45 0.0014 

30 0.0021 

45 0.0014 

30 0.0014 

45 0.0014 

20 31.22 

20 22.02 

20 0.0083 

20 3.39 

Salt 
Rejection 
(percent) 

85 

<2 

50 

<2 

<2 

<2 

2 

2 

<2 

2 
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as shown in Figure A.,..2. Various combinations of the THF-

Formamide system were investigated based on the high 

volatility and, thus, the quick drying time of the THF. 

The performance of such membranes is listed in Table A-

III, and although none looked too promising, some were 

better than others as judged by the wide variations in 

flux and salt rejection. 

The best asymmetric membrane produced in this study 

with a reasonable performance was prepared from the casting 

solution composition given in Table A-IV. The composition 

is a modified version of the solution used by Graefe et al? 

The solution was chilled in a refrigerator. The membrane 

was cast as an 8 mil film on a glass plate at ~oom tewp-

erature in a box under an acetone vapor environment. The 

drying time was minimal in that the glass plate was 

immersed in water upon completion of c~sting. Prior to 

the performance test in a reverse osmosis cell, the mem-

brane was heat-treated in 50% NaN03 at 60°c for 5 minutes. 

Typical membrane performance was about 25% separation at 

a flux of 0.035 kg/m2.s. 
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• Soluble ..,......._ __ 
o Not Soluble 

Figure A-2. Solubility diagral!l for SPSF-Na. (_O. 5) : 

fH - Hydrogen bonding factor 

fd - Dispersion factor 

f - Polar factor p 
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Table A-III. 

Effect of Co-Solvent Composition and 
Gelation Medium on Reverse Osmosis Performance 114 

Fl~x Salt 
THF Formamide Gelation (kg/m2 .s) Rejection 

(Vol-%) (Vol-%) Medium xlO (%) 

70 30 H2o 1.34 <2 

70 30 .7SH20-.25IPA l.43 3 

70 30 .SOH20·SOIPA 1.48 7 

70 30 .2SH20-.75IPA 1.72 11 

70 30 IPA 0.25 so 
TO 30 methyl alcohol <2 

60 40 n butyl alcohol 9.26 1 

60 40 t butyl alcohol 2.31 7 

60 40 H20 <2 

40 60 n butyl alcohol 8016 0 

40 60 IPA 0.61 45 

40 60 IPA 0.63 44 

40 60 H20 ~"(";\: .;(;'( 

i'"-;''"membrane swelled in gelation bath 
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Table A-IV. 

Compositionof Gast Solution of SPSF-Na(0.5) 
for an Asymmetric Membrane 

Component Weight (g) 

Maleic Acid 0.11 

H 0 2 0.29 

Dioxane 4.0 

Acetone 0.57 

Polymer 1. 75 

Polymer % 26% 
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REVERSE OSMOSIS TEST PROCEDURES 
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A conventional reverse osmosis stainless steel cell, 

as described by Loeb and Sourirajan~ was used. Ci'l,'."cula~ sec-

tions were cut from the film and placed in the reverse· osmosis 

cells with the membrane top side facing doW'n. · The test 
... 3 2 area was 1.443 X 10 m for each membrane. Six cells 

were placed in parallel to allow 6 simultaneous rejection 

studies. The membranes were·pre-pressurized at 1200 psi 

until the pure water flux varied less than 3% per hour. 

The membranes were then allowed to relax for at least: 6 

·hours. 

Desalination studies were· conducted with a 3.5 wt% 

NaCl (aq) solution. The :feed rate was 400 ml/min at 1000 

psi at 2s0 c. The pure·water flux was taken before and· 

after each separation study. Feed, permeate, and reta;rdate 

sa.inples were analyzed by conductivity (YSI 31 conductivity 

meter) to determine the salt concentration. 

Photographs of the test set-up are shown 

in Figures A-3 through A-6. Figure A-3 is a close.:.up of 

the interior of the cell; FiguresA-4 and A-5 show the 

assembled cell; Figure A-6 shows the 6 connected cells. 

The membrane is placed top-.side· down on the 0-ring. 

The. saline solution is.fed in from the lower left-hand 

tubing and comes out from the upper right-hand tubing 

attached on the lower section of the cell. The desalted 

permeate comes out through the tubing on the top section 
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F i gure A-3 . Disassembled reverse osmosis unit cell sho·wing 
the interior. 
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Figure A-Li . Half-assembled reverse osE1osis unit cell. 
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Figure A-5. Fully assembled reverse osmosis unit cell. 
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Figure A-6. Six reverse osI11osis unit cells connected in 
series. 
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of the cell. 
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CHARACTERIZATION OF POLYMERIC MEMBRANES: 

SULFONATED POLYSULFONES 

by 

Yoonok Kang 

(ABSTRACT) 

Sulfonated polysulfone has been shown to possess 

desirable physical properties for use as a reverse osmo-

sis desalination membrane. In this work, an extensive 

of dense membranes made from sulfonated 

polysulfone having 0. 2, 0. 4, 0. 5, 0. 6, 0. 8, and 1. 0 

degree of sulfonationis described. The degree of sul-

fonation (D. S . ) was maintained during the membrane fab-

rication process as evidenced by IR analysis. 

The effect of the degtee of sulfonation and the 

counter ion, namely Na and K, on the properties of the 

membrane were examined. The hydrophilic nature of the 

material increased with increasing degrees of sulfonation, 

as evidenced by water uptake and the contact angle of 

water on themembrane surface. The amount of water in-

creased from 0.6% for polysulfone to 19.2% for sodium 

salt of sulfonated polysulfone with D.S. of 1. 0, and 12. 2% 

for potassium salt of sulfonated polysulfone with D.S. of 



1.0. The contact angle of water on polysulfone membranes 

was 75.1°. The contact angle of water decreased to 25.5° 

an.d 60. 3° for sodium and potassium salt of sulfonated 

D.S. = 1.0) polysulfone, respectively. The decrease in 

the contact angle of water indicated an increase in the 

hydrophilicity of the membrane surface. Both the water 

uptake study and the contact angle measurement indicated 

greater hydrophilicity fo.r the sodium salts of sulfonated 

polysulfone when compared to the potassium salts of 

sulfonated polysulfone for a given degree of sulfonation. . . . 

The nature of the water within the membrane was found to 

be less hydrogen.-bonded when compared to the bulk water. 

The surface of the membrane and the polymer powder 

was found to be different by ESCA analysis, and were also 

different from the bulk of the material. Neither the 

membrane surface nor the polytner powder surface had the 

same stoichiometry as the bulk. Ion exchange occurred 

not only on the membrane surface, but extended into the 

bulk with an overall ion exchange of about 80%~ 

Electrical properti.es of the membranes were investi-

gated by measuring the partial ionic conductivity and the 

selectivity of the membrane. The electrolyte/membrane/ 

electrolyte system showed ohnl.ic ·behaviour. . The mem-

brane potential difference linder applied transient current .. 



was greatly dependent on the nature of the cation, whereas 

the nature of the anion had no effect. The activation 

energy had minimal dependence on the membrane thickness, 

but depended on the nature of the electrolyte system. 

The effective size of the ion-conducting channels seemed 

to increase with higher degrees of sulfonation, probably 

due to a swelling process. 

SEM photomicrographs were taken to study membrane 

morphology and, in some cases, performance as a reverse 

osmosis membrane could be predicted from the SEM photo-

micrographs . 
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